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PREFACE 


The  Tenth  International  Symposium  on  Molten  Salts  was  held  during  the  189th 
Meeting  of  the  Electrochemical  Society  in  Los  Angeles,  California,  May  6-10,  1996. 
Financial  support  for  this  symposium  came  from  several  generous  sources,  including  the 
Physical  Electrochemistry  and  High  Temperature  Materials  Divisions  of  the  Society,  the 
Molten  Salt  Committee  of  the  Electrochemical  Society  of  Japan,  and  the  Air  Force  Office 
of  Scientific  Research.  In  addition  to  these  contributors,  acknowledgement  is  made  to  the 
Donors  of  The  Petroleum  Research  Fund,  administered  by  the  American  Chemical 
Society,  for  partial  support  of  this  symposium.  The  co-organizers  of  this  symposium  were 
Richard  T.  Carlin,  Covalent  Associates,  Shigehito  Deki,  Kobe  University,  Morio 
Matsunaga,  Kyushu  Institute  of  Technology,  David  S.  Newman,  Bowling  Green  State 
University,  J.  Robert  Selman,  HUnois  Institute  of  Technology,  David  A.  Shores,  Umversity 
of  Minnesota,  and  Gery  R.  Stafford,  National  Institute  of  Standards  and  Technology. 

The  symposium  was  attended  by  internationally  recognized  speakers  from  sixteen 
countries.  Sixty-six  papers  were  presented  at  the  symposium  of  which  fifty-four  are 
contained  in  this  proceedings  volume.  Much  of  the  symposium  centered  around 
technological  opportunities  in  molten  salts  and  related  materials.  In  keeping  with  this 
theme.  Prof.  Niels  J.  Bjerrum  in  his  1996  Max  Bredig  Award  address  emphasized  that 
molten  salt  electrochemistry  has  a  rich  past  with  a  bright  future  in  numerous 
technologically  important  areas,  including  alloy  electrodeposition,  production  of 
amorphous  metals,  electrosynthesis  of  superhard  materials,  electrocatalysis,  and  corrosion. 
Of  course,  the  basis  for  these  technological  advances  is  derived  from  the  fundamental 
understanding  of  molten  salts  provided  by  numerous  researchers,  and  excellent  papers 
were  presented  that  provided  further  insight  into  the  complexity  of  molten  salt 
thermodynamics,  transport  properties,  structure,  and  spectroscopy. 

During  the  past  two  years,  we  have  lost  two  exceptional  colleagues  —  Profs.  Gleb 
Mamantov  and  Tormod  F0rland.  The  opening  session  of  this  symposium  was  dedicated  to 
Prof.  Mamantov,  whose  dynamic  career  and  life  were  eloquently  celebrated  in  the 
proceedings  of  the  Ninth  Intemaional  Symposium  on  Molten  Salts  as  the  receipent  of  the 
1994  Max  Bredig  Award.  Prof.  Fprland’s  outstanding  contributions  to  molten  salts  and  to 
the  world  are  memorialized  in  this  procedings  volume. 

The  senior  editor  wishes  to  express  his  appreciation  to  the  St^  of  The 
Electrochemistry  Society,  especially,  Mr.  John  Stanley  and  Mr.  Brian  Rounsavill,  for  their 
support  and  coopertation.  Also,  special  thanks  are  due  to  Dr.  Joan  Fuller  for  her  untiring 
help  during  both  the  symposium  and  the  proceedings  preparation  and  to  Ms.  Johanna  Fox 
at  Covalent  Assosciates  for  her  assistance  throughout  this  process. 


Richard  T.  Carlin, 

Covalent  Associates,  Inc.,  June,  1996 
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Niels  X  Bjerrum 

Recipent  of  the  1996  Max  Bredig  Award 


NIELS  J.  BJERRUM 
1996  Recipient  of  the  Max  Bredig  Award 

Niels  J.  Bjerrum  received  his  university  education  at  the  University  of  Copenhagen 
(1958-1964).  After  graduating  he  received  a  post-doctoral  fellowship  from  the  Oak  Ridge 
National  Laboratory  (1964-1966)  where  he  worked  on  molten  salt  systems,  investigating 
the  lower  oxidation  states  of  bismuth  in  chloroaluminate  melts  and  tellurium.  It  was  at 
this  time  that  he  became  acquainted  with  several  prominent  scientists,  including  Max 
Bredig. 

In  1966  Dr.  Bjerrum  left  Oak  Ridge  and  took  a  position  at  the  Technical 
University  of  Denmark  as  an  Assistant  Professor.  At  the  university  he  continued  the  work 
he  had  begun  at  Oak  Ridge,  first  working  with  the  lower  oxidation  states  of  teUimum  then 
continuing  with  those  of  selenium  and  sulfur.  In  1971  Dr.  Bjerrum  was  promoted  to 
Associate  Professor,  and  in  1976  he  was  awarded  an  honorary  Danish  prize  of  the  Ole 
Romer  Foundation.  The  cycle  came  full  circle  in  1979  when  he  was  the  recipient  of  the 
Ellen  and  Niels  Bjerrum  Prize  in  Chemistry,  an  award  named  after  his  grandfather  Niels 
Bjerrum  (1879-1958). 

In  1982  Dr.  Bjerrum  received  the  degree  Doctor  of  Science  for  his  work  on  sulfur, 
selenium,  and  tellurium  in  chloroaluminate  melts.  That  same  year  he  and  a  smaU  group  of 
like  minded  scientists  established  a  new  scientific  academy  in  Denmark,  The  Damsh 
Academy  of  Natural  Sciences.  Dr.  Bjerrum  was  named  Secretary  for  this  new  academy,  a 
position  he  still  holds.  Since  this  time  the  work  at  the  academy  has  taken  on  a  more 
electrochemical  nature,  including  work  on  the  development  of  molten  salt  battenes 
inspired  by  work  done  in  the  United  States  at  Argonne  National  Laboratory. 

In  1989  Dr.  Bjerrum  was  promoted  to  a  Full  Professorship  at  the  Technical 
University  of  Denmark,  and  in  1992  he  became  a  Foreign  Member  of  the  Ukrainian 
Academy  of  Sciences.  Since  then  he  has  been  honored  with  the  Hojgaard  &  Schidtz 
Jubilee  Prize,  a  prestigious  Danish  Award  (1994)  and  has  been  named  as  a  Foreign 
Member  of  the  Norwegian  Academy  of  Technological  Sciences  (1995). 


•  Tormod  (Tommy)  F0rland 
June  6, 1920  -  November  10, 1995 

Tormod  Fdrland,  Emeritus  Professor  of  Physical 
Chemistry  at  the  Norwegian  University  of  Science  and 
Technology  (NTNU)  died  suddenly  on  November  10,  1995. 
He  was  a  brilliant  pioneer  in  molten  salt  chemistry  and  was  at 
home  with  both  theory  and  experiment.  With  Haakon  Flood 
and  Kai  Grjotheim  giant  strides  were  made  in  understanding  a 
complex  problem  in  reciprocal  salt  systems  in  which  some 
components  can  have  large  negative  deviations  from  ideal 
behavior  while  others  can  have  large  positive  deviations  from 
ideality.  His  clarity  and  depth  of  understanding  simplified  the 
complex  and  provided  the  major  elements  of  the  modem  theory 
of  these  systems  that  accurately  predicts  their  thermodynamic  properties.  His  theoretical 
and  experimental  work  on  mixing  “asymmetric”  binary  systems  with  two  cations  of 
different  charge  was  a  tour  de  force  and,  among  other  advances,  it  illustrated  the 
importance  of  representing  the  excess  free  energies  of  mixing  (logarithm  of  the  activity 
coefficients  )  in  terms  of  equivalent  fractions.  This  concept  has  greatly  simplified  the 
mathematical  representations  of  these  systems  and  made  computer  predictions  of 
thermodynamic  properties  simpler  and  more  robust.  His  contribution  to  molten  silicate 
chemistry  are  incorporated  into  most  theories  of  these  complex  melts.  These  and  many 
other  ideas  have  left  an  indelible  mark  on  many  aspects  of  molten  salt  chemistry. 

Around  1965,  he  became  interested  in  irreversible  thermodynamics  and  focused  on 
rewriting  the  formal  equations  used  at  that  time  for  iireversible  processes  in  ionic  systems 
in  order  to  represent  them  in  terms  of  components  and  not  ions.  The  old  formalisms  often 
led  to  incorrect  solutions  of  the  equations.  His  work,  with  the  collaboration  of  his  wife, 
Katrine  Seip  F0rland,  and  his  successor  and  former  student,  Signe  Kjelstrup,  led  to  a  new 
formalism  that  avoided  the  pitfalls  and  errors  made  with  the  old  ways.  Their  book, 
“Irreversible  Thermodynamics,  Theory  and  Applications”  (John  Wiley  and  Sons, 
Chicherster,  1988)  is  already  considered  by  many  to  be  a  classic.  Applications  of  these 
theories  by  the  authors  and  coworkers  were  made  to  a  variety  of  subjects  including 
biology  (e.g.,  muscle  contraction,  ionic  transport  in  mitochondria)  and  engineering  (e.g., 
and  explanation  of  frost  heave).  Some  of  his  most  recent  papers  are  electrochemical,  i.e., 
on  transference  numbers  in  molten  salts,  an  alternative  approach  to  electrochemisUy  and  a 
theory  of  a  solid  state  electrode.  His  breadth  of  understanding  is  further  reflected  in  many 
of  his  other  papers  on  a  variety  of  subjects. 

Tommy  and  his  wife,  Katrine  (Tine),  had  a  deep  interest  in  the  world  about  them. 
They  spent  a  number  of  years  in  Kenya  and  Tanzania  with  the  support  of  the  Norwegian 
Agency  for  International  Development  (1967-69,  1973-74,  1980-81,  1990-91,  1992-93). 
In  1970  they  recommended  the  establishment  of  chemical  engineering  studies  to  meet  the 


vi 


needs  of  a  growing  chemical  industry  in  Africa.  After  many  years  of  discussions  a 
chemical  engineering  unit  was  established  in  1976  which  evolved  to  become  the 
Department  of  Chemical  and  Process  Engineering  in  the  Faculty  of  Engineermg  of  the 
University  of  Dar  Es  Salaam  in  Tanzania.  The  Fprland’s  continued  to  be  associated  with 
the  University. 

Tommy  received  many  honors  from  different  organizations  including  The 
Norwegian  Chemical  Society,  the  University  of  Dar  Es  Salaam,  the  Gunneras  Medal  of  the 
Norwegian  Society  of  Sciences  and  Letters  and  won  a  prize  from  Nyfotek  A/S  for  the 
application  of  a  novel  reference  electrode  concept  to  technological  problems. 

Tommy  was  gentle  and  soft  spoken,  his  scientific  accomplishments  were  many  and 
important  and  his  contribution  to  the  world  was  selfless  and  generous.  We  will  miss  him. 


Milton  Blander 
QUEST  Research 
June,  1996 
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MOLTEN  SALT  ELECTROCHEMISTRY: 

PRESENT  AND  FUTURE  PRIORITIES 

Niels  J.  Bjerrum 

Materials  Science  Group,  Chemistry  Department  A,  Technical  University  of  Denmark, 
DK-2800  Lyngby,  Denmark 


Molten  salt  electrochemistry  is  by  no  means  a  new  research  area.  Some  of  the 
initial  experiments  go  back  two  hundred  years  in  history  {e.g.,  electroreduction  of  alkali 
metals)  and  such  an  important  metal  as  aluminum  has  been  produced  for  more  than 
hundred  years  by  an  electrolysis  of  a  molten  salt  electrolyte  (the  Hall-H6roult  process). 

However,  molten  salt  electrochemistry  is  a  very  dynamic  scientific  and  industrial 
area  of  electrochemistry  looking  not  into  the  past  but  into  the  future. 


There  are  numerous  important  technical  areas  in  molten  salt  electrochemistry.  In 
some  of  these  areas  enough  knowledge  have  been  accumulated  to  develop  qualitative 
improvement  and  often  parameter  optimization: 

(i)  Electrochemical  production  of  metals  is  one  of  the  most  mature  are^.  In  connection 
with  aluminum  production  the  main  aim  of  developments  is  to  obtain  a  higher  efficiency  of 
the  process  and  to  solve  serious  ecological  problems. 

(ii)  Electroplating  of  protective  layers  on  metal  surfaces.  The  recent  developments  are 

mostly  concerned  with  the  electrodeposition  of  refractory  metals  from  molten  salt 
electrolytes.  The  most  important  problem  in  this  technology  is  control  of  the  composition 
of  the  molten  electrolytes.  Another  problem  with  refractory  metal  electroplating  can  be 
illustrated  with  the  help  of  the  example  of  tantalum  deposition.  Two  different  crystal 
forms  of  tantalum  can  be  obtained  electrochemically:  and  p-tantdum.  The  deposit 

with  the  o=-forra  has  better  mechanical  properties  than  that  consisting  of  the  p-forra. 
Therefore,  the  problem  of  the  optimization  of  the  electrolysis  parameters  has  to  be  solved 
with  allowance  for  this  special  factor. 

However,  the  most  interesting  scientific  results  and  applications  are  expected  in  the 
new  areas  of  molten  salt  electrochemistry: 

{Hi)  Metal  alloy  production  is  an  area  with  a  considerable  potential.  This  technique  gives 
a  possibility  to  obtain,  for  example,  the  alloys  of  aluminum  with  Uthium  (metals  with  high 
and  low  melting  points),  or  in  general  alloys  which  are  difficult  to  make  by  a  direct 
combination. 
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(/v)  Electrodeposition  of  amorphous  metal  layers  is  a  technique  which  can  be  realized  in 
molten  salt  electrolytes  and  may  be  the  background  for  progressive  technologies  for  the 
production  of  highly  corrosion  resistant  materials. 

(v)  Electro  synthesis  of  superhard  materials.  Many  such  materials  can  be  obtained 
electrochemically  from  boron-,  carbon-  or  nitrogen-containing  melts.  This  could  be  a 
relatively  cheap  technology  giving  a  useful  modification  of  metal  surfaces.  To  the  same 
area  we  can  add  the  high  temperature  electrochemical  technologies  for  the  improvement 
of  surface  properties  of  superhard  materials  with  elechoplated  metal  layers. 

(vt)  High-temperature  electrocatalysis  is  a  process  in  which  material  is  consumed  or 
produced  in  an  electrochemical  reaction  on  a  catalyst  that  is  an  electronic  conductor. 
Obviously,  the  cuirently  most  interesting  and  important  cases  in  this  area  are  the  molten 
carbonate  fuel  cells.  The  main  problem  here  is  to  obtain  non-soluble  and  catalytically 
active  electrode  materials. 

(vii)  Electrochemical  promotion  of  catalysts  deals  with  the  change  of  activity  or 
selectivity  of  molten  salt  catalysts  using  inert  electrodes.  It  can  provide  an  effective 
management  concerning  quality  and  composition  of  the  products  of  the  catalytic  reactions. 

iyiii)  Hot  corrosion  has  the  possibility  of  becoming  a  very  important  area  of  molten  salt 
electrochemistry  taking  into  account  the  perspective  of  combustion  of  new  types  of  fuels 
or  traditional  but  low  quality  fuels.  It  has  been  proven  that  the  most  severe  hot  corrosion 
problems  are  caused  by  a  thin  molten  salt  layer  on  the  surface  of  the  exposed  metal  and 
therefore  have  an  electrochemical  nature.  Another  example  where  hot  corrosion  is 
important  is  provided  by  high-temperature  batteries  and  molten  carbonate  fuel  cells. 
Electrochemical  techniques  can  be  powerful  tools  in  seai’ching  for  new  ways  of  coiTOsion 
protection. 

(ix)  High-temperature  electrochemical  protection  from  corrosion.  Cathodic  and  anodic 
protection  are  well  known  and  widely  used  at  ambient  temperatures  but  have  not  to  any 
extent  been  used  in  connection  with  hot  (or  molten  salt)  corrosion.  For  example,  m 
connection  with  fire  tube  corrosion  in  boilers  at  power  stations  electrochemical  protection 
can  be  one  of  several  possible  ways  of  prolonging  the  lifetime  of  power-station  hardwar  e. 
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MINIMIZING  FOULING  AND  CORROSION  BY  IONIC  LIQUIDS 
FORMED  IN  THE  COMBUSTION  OF  BIOMASS 


Milton  Blander 
QUEST  Research 
1004  East  167th  Place 
South  Holland,  IL  60473-3114 
U.S.A. 


ABSTRACT 


The  combustion  of  biomass  produces  ionic  liquids  which  are  the  probable  cause  of 
fouling  and  corrosion  in  combustion  systems.  Calculations  of  the  combustion  products  of 
aspen  wood  at  ten  atmospheres  indicate  that  a  molten  potassium  sulfate  rich  liquid  forms 
at  high  temperatures  and  is  completely  crystallized  before  1015.3°C.  A  second  liquid  rich 
in  calcium  and  potassium  carbonates  forms  at  909.7°C  and  crystallizes  completely  by 
802  5°C  This  undesirable  molten  carbonate  presents  a  problem  for  the  combustor  and 
any  equipment  downstream.  Addition  of  sulfur  (or  SO2)  to  the  combustor  eliminates  the 
carbonate  rich  phase  and  raises  the  temperature  below  which  no  liquid  is  present  to 
912.3°C  by  the  formation  of  a  calcium-potassium  sulfate  rich  liquid.  The  combusbon  of 
wheat  straw  produces  a  liquid  silica-potassium  rich  silicate  containing  small  quantities  of 
chlorides,  sulfates  and  carbonates  at  high  temperatures  which  persists  to  temperatures 
below  500°C.  Mixing  the  wheat  straw  with  alumina  rich  mixed  paper  waste  and  silica 
raises  the  temperature  below  which  no  liquid  is  present  to  837°C.  Soluhon  theories  for 
the  prediction  of  the  properties  of  multicomponent  molten  salts  and  silicates  are  a  key 
factor  in  defining  the  probable  cause  of  fouling  and  corrosion  and  in  deducing  possible 
solutions  to  these  problems. 


INTRODUCTION 


Biomass  is  a  possible  alternative  to  fossil  fuels  which  does  not  lead  to  a  net  increase  of 
CO2  in  the  atmosphere  and  produces  a  non-polluting  ash  which  may  be  returned  to  the 
soil  as  a  fertilizer.  However,  the  combustion  of  biomass  produces  molten  salts  and/or 
silicates  which  are  the  probable  root  cause  of  fouling  and  corrosion  in  combustion 
systems.  In  order  to  minimize  the  problems  of  fouling  and  corrosion  we  need  to 
determine  the  chemistry  of  these  liquids  and  deduce  a  means  for  ameliorating  the 
problems  which  arise  because  of  them.  To  do  this,  we  utilize  the  Conformal  Ionic 
Solution  Theory  for  molten  reciprocal  salt  systems  (1)  and  the  Modified  Quasichemical 
Theory  (2)  for  molten  silicates  which  permits  one  to  predict  the  properties  of 
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multicomponent  molten  salts  and  silicates  from  the  subsidiary  binaries  and,  for  silicates, 
also  ternaries.  These  theories  are  combined  with  a  large  database  for  binaiy  molten  salt 
solutions,  binary  and  temaiy  molten  silicate  solutions,  solid  solutions  and  over  6000 
solid,  liquid  and  gaseous  species.  All  this  information  is  contained  in  the  FACT 
computer  system  (3)  which  also  uses  the  CHEMSAGE  algorithm  for  minimizing  the  total 
free  energy  of  a  chemical  system  (4)  to  calculate  the  equilibrium  chemistiy.  In  this  paper, 
we  discuss  calculations  for  two  typical  kinds  of  biomass.  The  first  is  aspen  wood  with  a 
composition  given  in  Table  I  which  contains  no  silica  and  produces  molten  carbonate- 
sulfate  salts  as  combustion  products.  The  second  is  wheat  straw  with  a  composition 
given  in  Table  II  which  is  high  in  silica  and  potassium  which  produces  very  low  melting 
silicates  as  combustion  products, 


Table  I.  Composition  of  aspen  wood  (wt  %) 


c 

51,57 

P 

0.0085  S 

0.025040 

H 

6.27 

K 

0,0810  B 

0.000360 

N 

0.47 

Ca 

0,1524  Mn 

0,001008 

0 

39.52 

Mg 

Al 

0,0256  Fe 

0.001008 

0.001872 

Zn  (0.00245  wt  %)  and  Cu  (0.000216  wt  %)  were  not 

included  as 

they  form  a  small  amount  of  benign  oxides  and  Na  (0,000432  wt  %) 
was  left  out  because  it  was  overshadowed  by  potassium  which  is 
present  in  much  greater  abundance.  188  gm  O  and  619  gm  N 
were  added  to  100  gm  of  aspen  wood. 


COMBUSTION  OF  ASPEN  WOOD  (5) 


Because  aspen  wood  has  been  considered  for  use  in  driving  a  turbine,  we  will  discuss 
calculations  for  the  combustion  of  aspen  wood  in  an  excess  of  oxygen  at  10  atmospheres. 
(5)  It  has  been  shown  that,  at  this  pressure,  the  calculation  of  the  inorganic  chemistiy  of 
combustion  indicates  that  a  molten  potassium  sulfate  rich  liquid  is  formed  at  high 
temperatures,  begins  to  crystallize  at  1024.9°C  and  is  completely  crystallized  at  1015.0°C 
to  form  a  slightly  contaminated  (mole  fraction  0.998)  K2SO4  solid.  A  second  liquid  rich 
in  calcium  and  potassium  carbonates  forms  at  909. 7°C  and  crystallizes  completely  by 
802. 5°C  to  a  potassium  sulfate-carbonate  solid  solution  and  CaCOa. 

In  this  paper  we  will  examine  the  addition  of  sulfur  (or  SO2)  to  aspen  wood.  The 
problem  is  the  carbonate  rich  liquid.  It  is  formed  because  the  moles  of  potassium  is  larger 
than  twice  the  moles  of  sulfur  in  aspen  wood  (Table  I).  As  a  consequence,  after  the 
potassium,  sulfur  and  oxygen  react  to  form  a  sulfate  rich  liquid,  there  is  a  significant 
amount  of  basic  KOH  vapor  molecules  left  in  the  gas  phase  as  well  as  solid  CaO  to  react 
with  the  weakly  acidic  CO2  molecules  at  low  temperatures.  The  result  is  a  carbonate  rich 
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liquid  which  is  likely  to  be  deleterious  to  the  combustor  and  to  pose  a  definitive  threat  to 
the  operation  of  a  downstream  turbine.  Since  SO2  +  I/2O2  is  a  stronger  acid  than  CO2, 
addition  of  sulfur  (or  SO2)  will  help  to  eliminate  the  molten  carbonate  phase  by  forming 
relatively  high  melting  sulfates  at  higher  temperatures.  It  is  hoped  that  the  separation  of 
the  consequent  solids  can  be  accomplished  by  a  cyclone  and/or  filter  system  to  effectively 
remove  these  solids  well  enough  to  operate  a  turbine  using  the  combustion  effluents  with 
no  significant  corrosive  or  erosive  effects. 


Table  II.  Elemental  composition  of  100  moles  of 
wheat  straw  and  80  moles  of  waste  paper. 


Element 

Wheat 

Straw 

Waste 

Paper 

C 

27.2655 

24.59998 

H 

49.0240 

40,49816 

N 

0.4747 

0,06157 

0 

22,1420 

14,17705 

S 

0.0425 

0,02432 

Si 

0,6528 

0.23988 

Al 

0.0228 

0.52877 

Ti 

0.0008 

0,02752 

Fe 

0,0078 

0.00517 

Ca 

0.0298 

0.06853 

Mg 

0.0387 

0.03005 

Na 

0,0406 

0.00874 

K 

0,1923 

0.00173 

Cl 

0,0542 

Calculations  were  performed  at  10  atmospheres  at  25°  intervals  between  1200°C  and 
600°C  for  100  g  of  the  composition  of  aspen  wood  given  in  Table  I  with  O.llS^g  of  S 
added.  In  Table  111,  one  can  see  that  a  sulfate  rich  liquid  is  already  present  at  1200°C  and, 
at  equilibrium,  disappears  at  912.3°C  to  form  the  solid  stoichiometric  compounds  CaS04 
and  K2Ca2(S04)3  by  a  peritectic  reaction.  The  second  solid,  K2Ca2(S04)3,  decomposes  to 
a  K2SO4  rich  (0.998  K2SO4  at  800°C)  solid  solution  and  CaS04.  If  a  large  fraction  of  the 
solid  CaO,  which  is  present  at  very  high  temperatures,  precipitates  in  the  high 
temperature  region  of  the  combustor,  the  liquid  sulfate  would  be  much  higher  in 
potassium,  would  have  a  higher  liquidus  temperature  and  thus  would  crystallize  earlier  at 
a  higher  temperature.  Careful  design  for  this  separation  might  be  possible  and  could 
improve  the  efficiency  of  the  combustor.  In  Table  IV,  the  mole  fractions  of  the  important 
gas  species  in  the  30.769  moles  of  gas  are  given.  The  most  important  results  are  the  low 
values  for  KOH  and  SO2  mole  fractions  at  600°C  which  are  both  <10  .  Thus  we  have 
managed  to  reduce  the  KOH  content  in  the  gas  by  the  addition  of  sulfur  and  prevented  the 
formation  of  a  deleterious  molten  carbonate  without  having  a  significant  amount  of  SO2 
as  an  environmental  pollutant.  Other  acidic  additives  might  further  broaden  the  range  of 
temperatures  in  which  no  ionic  liquid  is  present,  hi  addition  to  the  above  gaseous  and 
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solution  phases  there  are  a  number  of  stoichiometric  solids  formed  which  are  exhibited  in 
Table  V  and  a  spinel  solid  solution  formed  exhibited  in  Table  VI. 


Table  III.  Mole  fractions  of  components  and  number  of  moles  of 
molten  and  solid  salt  solutions  produced  in  the  combustion  of  100  gm 
of  aspen  wood  with  0. 1 1 5  gm  of  S  added  at  1 0  atmospheres. 


liq  refers  to  the  liquid  solution  and  ss  refers  to  the  solid  solution 
'  Note  that  there  is  no  solid  solution  at  912,3°C  because  the  stable 
solids  are  CaS04  and  K2Ca2(S04)3. 


Table  IV.  Mole  fractions  of  gaseous  species  formed  during  the 
combustion  of  100  gm  of  aspen  wood  with  0.115  gm  S  added,  at  10 

atmospheres. _ 

T(°C)  I  1100  1000  900  800  700  600 

NO  2.84  E-4  1.53^  7,37  E-5  3.11  E-5  1.10  E-5  3.05  E-6 

OH  9.02  E-6  2.95  E-6  7.99  E-7  1,69  E-7  2.62  E-8  2.64  E-8 

KOH  4.25E-6  6.50  E-7  l,19E-7  2.51  E-8  2.81  E-9  - 

502  4.40  E-6  1,13  E-6  5,99  E-8  -  -  - 

NO2  3.11  E-6  2.49  E-6  1,93  E-6  1,42  E-6  9.80  E-7  6,24  E-7 

KBO2  7,49  E-7  9.57  E-8  6,31  E-9  -  -  - 

K2SO4  3.45  E-7  1,04  E-7  1.81  E-8  1,64  E-9  — . — 

503  2. 14  E-7  1.07  E-7  1.24  E-8  - - — -  - 

HBO2  1.26  E-7  4,47  E-8  5,88  E-9  . — 

O  3,91  E-8  6.83  E-9  . - . - . . . - 

H3BO3  2,07  E-7  2,65  E-7  1,58  E-7  8.49  E-8  3.95  E-8  1.51  E-8 

N2O  4,83  E-8  2.69  E-8  1,36  E-8  6.12  E-9  2.34  E-9  - 

Ca(OH)2  4.02  E-9  - - — -  . . 

Mg(OH)2  2.45  E-9  .  . . 

The  fractional  partial  pressures  and  total  number  of  moles  of  the 
major  species  are  essentially  constant  at  alt  temperatures  at  N2  = 
0.7186,  CO2  =  0.1395,  H2O  =  0,101 1 , 02  =  0.0406  and  30.769  moles. 

- denotes  <10"'^  mole  fraction  in  the  gas  phase. 
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Table  V.  Moles  of  solid  compounds  produced  in  the  combustion  of  100 
1  of  aspen  wood  with  0,1 15  gm  of  S  added  at  10  atmospheres. 


gm( 


T(°C) 

MgO 

CaO 

CaS04 

CosHOisPa 

Ca3Al206 

002^6205 

Mn304 

Mg3B206 

K2Ca2(S04)| 

CaFe204 

Mn203 

MgFe204 

CgC03 


1200 


1100 


1000 


900 


700 


600 


1 ,05  E-3 
5.85  E-4 


1,05  E-3  1,01  E-3 


9.15E-5 
1,87  E-5 
1.67  E-5 
6.12  E-6 


6.23  E-4 
9.15  E-5 

1 ,67  E-5 
1.27  E-6 


1 .58  E-3 
9.15  E-5 


1 ,44  E-5 
1.75  E-6 
1 ,04  E-5 

2,36  E-6 


1 .00  E-3 

9,86  E-4 

9.70  E-4 

1 ,26  E-3 
9,15  E-5 

3,33  E-3 
9.15  E-5 

3,33  E-3 
9.15  E-5 

1 ,40  E-5 

1 ,03  E-3 
1.31  E-5 
3,70  E-6 
3,65  E-6 

1.60  E-5 

1 .64  E-5 

1 .26  E-5 
7,09  E-6 
4.16  E-6 

8,35  E-6 
1 ,67  E-5 
1.27  E-5 

Table  VI,  Spinel  solid  solutions  formed  during  combustion  of  aspen 
wood  with  added  sulfur  at  10  atm. 


T°C 

1100 

1000 

900 

800 

700 

600 

MnAl204 

0.778 

0.701 

0.586 

0,409 

0.223 

0.088 

MgAl204 

0.222 

0.299 

0,414 

0.591 

0,777 

0.912 

FeAi204 

4.7  E-5 

1.3  E-5 

7,9  E-5 

2.2  E-5 

4.3  E-6 

4.8  E-7 

Moles  of  spinel  are  constant  at  all  temperatures  at  1 .87  E-5. 


COMBUSTION  OF  WHEAT  STRAW 


Wheat  straw  is  a  common  waste  which  is  a  potential  source  of  energy  that  does  not 
contribute  to  the  greenhouse  effect.  However,  combustion  of  wheat  straw  leads  to 
problems  with  fouling  and  corrosion  of  combustors  and  power  systems  (6).  This  has  led 
to  the  derating  of  experimental  combustors  in  several  European  countries  (6).  In  order  to 
understand  this  problem,  we  have  performed  calculations  of  the  inorganic  chemistiy  of 
100  moles  of  wheat  straw  using  the  composition  given  in  Table  H.  The  most  striking 
result  is  given  in  Table  VII  which  gives  the  compositions  (mol%)  and  moles  of  a  silicate 
melt  which  is  present  at  1200°C  and  persists  to  temperatures  below  500“C.  The  melt  is 
largely  composed  of  silica  and  potassium  oxide  (88-94  mole%)  with  lesser  amounts  of 
the  oxides  of  Ca,  Na,  Mg,  and  Al.  The  Cl,  SO4,  and  CO3  designate  the  sums  of  the 
concentrations  of  the  anions  in  salts  of  these  ions  with  K,  Ca,  Na,  and  Mg.  These  were 
combined  to  simplify  the  Table  with  an  insignificant  loss  of  information. 
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Table  Vll.  Composition  of  molten  condensates  in  wheat  straw 
combustion  effluents  (mol  %) 


T°C 

1200 

1000 

800 

600 

500 

Si02 

80.91 

82,65 

80.49 

77,82 

76.28 

K2O 

9.66 

11.23 

11,15 

11.79 

11.71 

CaO 

2.92 

0.49 

0,64 

0.82 

0,85 

Na20 

2.57 

2.81 

4,24 

4.89 

5.66 

MgO 

2.46 

1,11 

0.37 

0.06 

0.02 

AI2O3 

1.47 

1,61 

2,67 

3,78 

4.51 

Cl 

0,61  E-3 

4.46  E-3 

65,59  E-3 

0,50 

0.50 

SO4 

0,51  E-3 

89.93  E-3 

0.39 

0,35 

0.33 

CO, 

0.38  E-5 

0.33  E-5 

1.75  E-5 

23,08  E-5 

0.47 

Motes 

0.7736 

0.7083 

0.4269 

0.3014 

0,2526 

Obviously,  wheat  straw  produces  deleterious  molten  silicates  in  a  combustor  and  this  is 
the  root  cause  of  the  problems  which  led  to  derating  of  combustors  by  lowering  the 
operating  temperature.  Any  methods  for  converting  these  liquids  to  solids  might  help  to 
make  the  efficient  combustion  of  wheat  straw  for  power  production  feasible. 

One  possible  additive  is  alumina  which  tends  to  form  some  relatively  high  melting 
aluminosilicates.  Rather  than  use  alumina  directly,  we  chose  to  use  an  alumina  rich 
mixed  waste  paper  with  a  composition  given  in  Table  11.  Aluminum  is  the  most 
abundant  element  in  this  waste  after  H,  C  and  0.  Calculations  were  made  for  100 
elemental  moles  of  wheat  straw,  80  elemental  moles  of  mixed  waste  paper,  148.5  moles 
of  O,  558.6  moles  of  N  and  0.5  moles  of  Si02.  The  silica  was  added  because  of  a  flaw  in 
the  computer  program  for  silicates  with  high  alumina  content.  The  silica  addition  helped 
to  circumvent  this  flaw  which  didn’t  allow  the  calculation  to  converge  and  which  we 


Table  VIII.  Molten  silicate  compositions  (mol%)  produced  in  the 
combustion  of  100  moles  of  wheat  straw  mixed  with  80  moles  of 
mixed  waste  paper  and  0,5  moles  of  Si02. 


T(°C) 

1150 

1050 

950 

850 

837 

Si02 

72.80 

78,88 

82.06 

81,62 

81.29 

AI2O3 

13.60 

10.75 

9,00 

8.73 

8,80 

K2O 

5,60 

5,68 

5.04 

4.84 

4.85 

Na20 

1.45 

2.04 

2,37 

3.45 

3.68 

CaO 

3.81 

1,85 

1.30 

1.22 

1.22 

MgO 

2.72 

0,80 

0.23 

0,12 

0.12 

Cl 

8,32  E-5 

8.54  E-5 

1.06  E-4 

3.90  E-4 

5.13  E-4 

SO4 

9.53  E-6 

1 .00  E-8 

3.75  E-5 

3.03  E-4 

2.17  E-2 

4.39  E-2 

CO3 

Moles 

1,693 

1,052 

0.946 

0,769 

0.000 
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hope  to  correct  in  the  near  future.  Equilibrium  compositions  were  calculated  at  25° 
intervals  between  550°C  and  1150°C.  Some  of  the  results  for  the  molten  silicate  are 
exhibited  in  Table  Vm.  The  liquid  contains  considerably  more  alumina  than  do  the 
liquids  produced  by  wheat  straw  alone.  The  liquid  crystallizes  completely  at  837°C,  thus 
significantly  raising  the  temperature  below  which  there  is  no  liquid  present.  The  392.8 
moles  of  residual  gases  are  not  displayed  and  tend  to  be  acidic.  Tables  IX  and  X  exhibit 
the  stoichiometric  solids  and  the  ideal  solid  plagioclase  solution.  Clearly,  the  use  of 
additives  shows  promise  for  improving  the  performance  of  biomass  as  a  source  of  energy. 
When  the  flaw  in  the  current  program  is  corrected,  we  can  aggressively  examine  the 
ability  of  a  number  of  additives  to  optimize  the  performance  of  wheat  straw. 


Table  IX.  Moles  of  stoichiometric  solids  formed  in  the  combustion  of 
wheat  straw  mixed  with  waste  paper  and  0.5  mole  Si02. _ 


T(°C) 

1050 

950 

850 

750 

650 

550 

KAlSi206 

0.0420 

0.0672 

0.1060 

0.0833 

0,0765 

Mg2Al4Si50i8 

0.0297 

0.0333 

0.0342 

0.0344 

0.0344 

0,0344 

^©2^3 

0.0065 

0.0065 

0.0065 

0.0065 

0,0065 

0,0065 

Al6Si20i3 

0.0  lOv 

AIjSIOs 

0.0366 

0.0394 

0.0372 

0,1024 

0.1040 

3102 

0.2920 

0.3415 

0,3994 

0.3241 

CaS04 

0,0651 

0.0668 

Table  X.  Mole  %  and  number  of  moles  of  hypothetical  ideal  plagioclase 
solid  solution  formed  in  combustion  of  100  moles  of  wheat  straw  mixed 
with  80  moles  of  waste  paper  and  0,5  moles  SiQ2. _ 


Win  1  1 1 

T(°C) 

1150 

1050 

950 

850 

750 

650 

550 

CaAISisOg  1 

89.69 

79,81 

70,62 

49,44 

38.06 

16.60 

11.47 

KAlSiaOs 

9.84 

18.90 

25.79 

33.54 

42.85 

58.75 

70.59 

NaAISI.^Og 

0.47 

1,30 

3,59 

17,02 

19.09 

24,64 

17.94 

Moles 

0.038 

0,096 

0,122 

0,193 

0,258 

0.200 

0.275 

CONCLUSIONS 


Calculations  of  the  inorganic  chemistry  of  the  combustion  of  aspen  wood  and  wheat 
straw  have  defined  the  root  causes  of  fouling  and  corrosion.  Calculations  of  the  influence 
of  additives  have  demonstrated  potential  improvements  in  performance  of  the  combustion 
products.  Further  calculations  will  be  needed  to  find  additives  which  might  provide 
optimal  performance  beyond  these  promissing  results.  These  calculations  were  made 
possible  by  theories  of  molten  salts  and  silicates  which  permit  one  to  make  reliable 
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calculations  of  the  thermodynamic  properties  of  multicomponent  solutions  from 
properties  of  the  lower  order  binaiy  and  (for  silicates  only)  ternary  systems. 
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FLUORIDES  AND  BROMIDES  IN  BINARY  MELTS:  LnX3-KX 
(X=  F,  Br;  Ln=  Y,  La,  Ce,  Nd,  Sm,  Gd,  Dy,  Yb) 
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ABSTRACT 

Raman  spectra  of  the  following  binary  molten  salt  systems  have  been 
measured.  Fluorides:  YF3-KF,  LaF3-KF,  CeF3-KF  NdF3-KF,  SmF3-KF, 
DyF3-KF,  YbF3-KF;  Bromides;  YBr3-KBr,  LaBr3-KBr  NdBr3-KBr  and 
GdBr3-KBr.  The  spectral  changes  occurring  upon  melting  the  K3YF3 
Cs2NaLnBr5  and  LnBr3  solids  were  also  measured.  The  data  indicate  that  in 
mixtures  rich  in  alkali  halide  (fluoride  or  bromide)  the  LnX’^^  are  the 
predominant  species.  In  fluoride  mixtures  rich  in  LnF3  strong  anisotropic 
scattering  overcomes  the  low  frequency  region.  The  origin  of  this  band  is 
rather  physical  (induced  polarizability  fluctuations)  than  chemical  (formation 
of  species).  In  molten  mixtures  rich  in  LnBr3  a  new  strong  polarized  band 
appears  in  the  spectra  which  shifts  to  higher  energies  with  increasing  LnBrg 
content.  This  behavior  as  well  as  the  spectral  changes  observed  on  melting 
pure  LnBr3  suggest  that  the  melt  structure  consists  of  edge  sharing  octahedra 
and  is  independent  of  the  coordination  geometry  that  the  Ln  ion  has  in  the 
LnBr3  crystals. 

INTRODUCTION 

Rare  earth  halide  melts  and  their  mixtures  with  alkali  halides  are  important  for 
industrial  electrolytic  processes  where  they  have  been  used  for  either  the  production  of 
the  corresponding  rare  earth  metals  [e.g.  Nd  (1)]  or  as  additives  to  improve  the 
electrolytic  production  of  light  metals  [e.g.  A1  (2)]. 
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The  structural  and  thermodynamic  properties  of  certain  rare  earth  chloride-alkali  chloride 
melts  have  been  studied  rather  extensively.  This  includes  the  well  studied,  by  Raman 
spectroscopy  (3),  calorimetry  (4)  and  neutron  diffraction  (5)  binaries  of  YCI3-ACI  (A=  Li 
...  Cs)  as  well  as  Raman  spectroscopic  studies  of  the  LaCl^  and  NdCl^  binaries  with 
alkali  chlorides  (6).  A  large  number  of  calorimetric  enthalpies  of  mixing  for  the  LnCl^  - 
ACl  (Ln=  La,  Ce,  Nd,  Pr,  Dy..)  systems  have  been  also  reported  (7).  No  studies  have 
been  reported  so  far  for  neither  the  fluoride  nor  the  bromide  rare  earths  with  alkali 
halides. 

The  purpose  of  the  present  work  is  to  investigate  the  systematic  structural 
properties  of  the  LnX3-KX  binary  mixtures  where  X  is  fluoride  or  bromide.  Raman 
spectroscopy  has  been  used  for  detennining  the  vibrational  frequencies  of  certain  of  these 
binary  melts  and  solid  compounds.  The  measured  spectra  are  correlated  to  the  structural 
properties  of  the  melt  loixtures  and  of  the  pure  component  LnX3  melts. 

EXPERIMENTAL 

Two  different  experimental  set-ups  were  used  to  measure  the  Raman  spectra.  For 
the  fluoride  melts  the  windowless  graphite  cell  technique  and  a  modified  Cary  81 
spectrometer  was  used  in  the  Liege  (B)  laboratory  (8).  For  the  bromide  melts  fused  silica 
cells  and  a  Spex  0.85  m  double  monochromator  was  used  in  the  Patras  (GR)  laboratory 
(9).  Details  of  the  experimental  set-ups  have  been  described  in  the  references  sited. 

The  LaF3,  CeF3,  NdF3,  DyF3  yF3  (Aldrich  Co.)  and  the  SmF3,  YbF3  (Alfa  Co) 
were  99.9%  in  purity  and  were  dried  overnight  under  dynamic  vacuum  at  350^C.  The 
KF  (Merck  Chem.  Co)  was  purified  by  slow  crystallizations  from  the  melt.  Vitreous 
carbon  crucibles  and  an  inert  atmosphere  furnace  were  used  for  the  crystallization 
procedure.  The  anhydrous  rare  earth  bromides  LaBr3,  NdBr3,  GdBr3  and  YBr3  were 
obtained  by  reacting  the  corresponding  oxides  (99.9%  from  Cerac  Co.)  with  HBr 
aqueous  solutions.  The  so-obtained  hexahydrate  was  dried  under  dynamic  vacuum  by 
slowly  raising  the  temperature  (t<200oC)  during  a  period  of  several  days.  The  anhydrous 
bromides  were  sub.sequently  sublimed  under  high  vacuum  (~10’^  mbar).  The  alkali 
bromides  (CsBr,  NaBr  and  KBr  purchased  from  Merck)  were  dried  under  vacuum  and 
then  melted  in  an  inert  atmosphere  furnace. 

All  operations  for  handling  the  purified  salts  and  filling  the  appropriate  Raman  cells 
were  carried  out  in  fused  silica  containers  and/or  a  controlled  Ar  atmosphere  glove  box. 

RESULTS  AND  DISCUSSION 

Table  I  and  II  list  the  temperature  and  composition  of  all  the  liquid  binary  systems 
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for  which  Raman  spectra  were  measured.  The  main  frequencies  observed  are  also  listed. 
All  the  solid  compounds  investigated,  the  measured  frequencies  and  frequency  changes 
occurring  upon  melting  are  presented  in  Table  III.  The  spectral  behavior  of  all  fluoride 
systems  was  rather  similar  but  different  than  that  of  the  bromide  systems  which  also 
show  similarities  within  their  group.  The  two  sets  of  systems  will  be  thus  presented  and 
discussed  separately  as  follows. 

1.  Fluoride  Systems 

The  high  melting  points  of  all  LnF3  salts  and  the  vapor  pressure  over  the  binary 
fluoride  mixtures  have  limited  our  spectral  measurements  up  to  lOOQoC.  At  this 
temperature  the  liquidus  line  in  the  LnF3-KF  binaries  have  a  maximum  at  compositions 
of  LnF3  between  40-50  mole%. 

la.  Structural  changes  upon  melting  K3YF5 

There  are  several  allotropic  forms  of  the  K3YF6  crystals  (10).  At  temperatures 
below  melting  the  crystal  transforms  to  its  cubic  structure  which  is  know  to  have  the 
Y  in  a  nearly  octahedral  YF^  site  symmetry.  Factor  group  analysis  predicts  four  Raman 
active  modes;  three  internal  modes  Vi(Aig),  V2(Eg)  and  V5(F2g)  due  to  the  YF^^  octahedra 
and  a  translational  ViiF2g)  lattice  mode.  Fast  cooling  of  the  K^YF^  solid  to  room 
temperature  quenched  the  Ol  structure  as  seen  from  the  spectra  in  Fig.l.  The  four  bands 
observed  are  assigned  to  the  Oj  crystal  as  follows:  Vi(Aig)  =  466  cm‘^  ,  V2(Eg)  «  380 
cm-‘,  V3(F2g)  =  218  cm-l,  VL(F2g)  -  120  crn'l.  The  assignment  of  the  Vi,  V2  and  V5 
modes  to  the  YF^^  octahedral  is  further  supported  from  the  relation  -h  |  (3). 

With  increasing  temperature  the  Vi  band  shifts  to  lower  frequencies  while  the  V2  band  is 
not  seen  at  temperatures  above  room  temperature. 

The  melt  spectra  of  l^^YF^^  (Fig.  1)  possess  a  strong  polarized  band  at  -442  cm-^ 
and  a  depolarized  band  at  -208  cnT^  Thus,  it  seems  that  upon  melting  the  vibrational 
modes  of  the  YF^^  which  exist  in  the  solid,  are  transferred  into  the  liquid.  The  situation 
is  similar  to  that  occurring  upon  melting  the  Cs2NaLnX6  [X=  Cl  (3,6)  or  X=Br  (see 
section  IIa)l  crystals  and  indicates  that  the  predominant  species  in  the  K3YFg  melt  are  the 

YF^^  octahedra. 

lb. The  LnF^^  octahedron  in  KF-rich  melts 

The  spectra  of  all  LnF3-KF  mixtures  at  compositions  10  and  25  mole  %  in  LnF3 
ai-eratlier  similar  (Fig.  2)  showing  a  polarized  and  a  depolarized  band  at  frequencies 
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expected  for  the  LnF'^,^  octahedral  species.  Thus  the  spectra  in  Fig.  2  in  conjunction  with 
the  evidence  given  in  Fig.  1  and  section  la,  are  interpreted  to  indicate  that  the 
predominant  species  in  all  KF-rich  binary  mixtures  are  the  LnF^^  octahedra.  The  Vi 
stretching  frequency  of  the  octahedra  is  in  the  range  between  ~400  to  ~450  cm'*  and  its 
value  increases  with  the  ionic  strength  (1/r)  of  the  Ln  cation.  This  is  shown  in  Fig.  3 
where  an  approximately  linear  relation  appears  to  exist. 

The  depolarized  V5  bands  are  broad  with  frequencies  as  expected  in  the  range  180- 
210  cnr*.  However,  for  the  25  mole  %  composition  the  depolarization  ratio  of  the  low 
frequency  (V5)  bands  was  found  to  increase  with  increasing  the  size  of  the  central  cation. 
This  effect  is  more  pronounced  in  LnF^  rich  mixtures  and  will  be  discussed  in  the 
following  section. 

Ic.  Composition  effects  in  LnF3-rich  melts 

The  binary  melts  involving  LaF3,  CeF3  and  YF3  were  investigated  at  composition 
up  to  40  mole  %  for  LaF3  and  CeF3  and  up  to  50  mole  %  for  YF3  (Table  I). 
Representative  isotropic  and  anisotropic  spectra  in  the  reduced  Raman  representation  (11) 
are  given  in  Fig.  4  for  the  two  “end”  (in  ionic  radii)  binaries  of  YF3-KF  and  LaF3-KF. 

The  isotropic  spectra  show  (Fig.  4)  a  strong  main  band  with  frequency  close  to  the 
Vi  band  of  the  KF-rich  melts.  For  the  YF3-KF  system  a  “blue”  shift  of  ~15  cm'*  occurs 
on  going  from  the  10  to  the  50  mole  %  mixture,  while  for  the  LaF3-KF  and  CeF3-KF 
system  the  position  of  the  isotropic  band  does  not  change  up  to  the  40  mole  %  mixtures. 
It  seems  that  the  Ln-F  (Vi)  band  of  the  LnF^^  octahedra  is  preserved  in  these  melt 
mixtures  at  compositions  up  to  40  or  50  mole  %  which  were  the 
concentration/temperature  limits  of  our  measurements. 

The  anisotropic  spectra  of  the  KF-rich  compositions  show  the  expected  depolarized 
V5  {F2g)  band.  As  the  LnF3  mole  fraction  is  increases  a  new  anisotropic  band  appears  at 
higher  energies.  For  the  YF3-KF  system  the  new  band  is  at  -365  cm'*  and  its  intensity 
increases  with  increasing  YF3  content  (Fig.  4).  For  the  LaF3-KF  system  the  overall 
intensity  of  the  anisotropic  spectra  increases  drastically;  the  new  band  is  at  -300  cm'*  and 
its  intensity  competes  to  that  of  the  isotropic  spectra.  The  appearance  of  such  strong 
anisotropic  light  scattering  has  been  observed  before  in  alkali  halide  melts  where 
enhanced  DID  interaction  between  the  ions  were  involved  (12). 

The  presence  of  the  two  bands  (V]  and  V5)  associated  with  the  LnF^^  octahedra  at 
compositions  above  25  mole  %  LnF3  suggests  that  the  vibrational  modes  in  the  overall 
range  of  compositions  are  overcomed  by  the  octahedral  “species”.  Presumably  at  XluFs  > 
0.25  the  probability  of  having  two  Ln  atoms  as  a  second  nearest  neighbors  increases 
gradually;  in  other  words  the  LnF^,^  start  sharing  common  fluorides  in  a  manner 
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analogous  to  that  found  for  the  rare  earth  chlorides  (3,6)  and  bromide  (see  following 
section)  melts. 

The  relative  ionic  radii  of  F'  (1.33  A)  and  of  the  rare  earth  cations  (0.86  -  1.032  A) 
do  not  allow  anion  contact  in  the  LnF^^  octahedra.  The  distances  between  the  fluorides 
surrounding  the  Ln  are  large  relative  to  the  distances  in  the  corresponding  chlorides 
and/or  bromide  species.  Furthermore,  the  F-F  distance  in  the  LnF'/  octahedra  is  shorter 
for  Ln=Y  than  for  Ln=La.  This  implies  a  better  shielding  of  the  central  cation  in  the  YFg 
anions  versus  the  LaFf?  anions.  When  the  LnF3  content  increases  the  LnF^^  start  sharing 
fluorides,  as  said  above,  and  the  cation  -  cation  interaction  should  also  increase.  Due  to 
these  interactions  and  to  bridging  the  shielding  is  likely  to  decrease  but  we  can  reasonably 
assume  that  the  shielding  differences  between  Y  and  La  containing  anions  remains.  In 
such  case,  the  polarizability  fluctuations  induced  by  the  cation-cation  interactions  are 
enhanced  in  the  La  relative  to  the  Y  melts.  This  implies  that  interactions  giving  rise  to 
anisotropic  light  scattering  [mainly  DID  (12,13)]  will  be  more  pronounced  in  the  LaF3 
systems.  In  other  words,  we  attribute  the  strong  anisotropic  spectra  of  Fig.  4  to 
polarizability  fluctuations  induced  by  the  La-La  interactions. 

II.  Bromide  Systems 

The  phase  diagrams  of  the  raie  earth  tribromides  with  alkali  bromides  show  the 
fomiation  of  liquid  mixtures  at  relatively  low  temperatures  and  thus  Raman  spectroscopic 
measurements  were  possible  in  the  overall  composition  range  of  the  binary  including  the 
pure  LnBr3  melts.  In  many  respects  the  structural  and  thermodynamics  properties  of  the 
LnBr3  salts  and  of  their  binary  solid  compounds  with  alkali  bromides  are  very  similar  to 
those  of  the  corresponding  chloride  salts.  This  is  expected  from  the  closeness  of  the  ionic 
radii  of  the  chloride  (1.81  A)  and  bromide  (1.96  A)  anions.  Thus  the  choice  of  the  melt 
mixtures  and  solids  studied  was  based  on  our  previous  investigations  on  the  LnCl3-ACl 
[Ln=  La,  Nd,  Y  (3,6)]  systems. 


Ila.Structural  changes  upon  melting  Cs2NaLnBr5  (Ln=  La,  Nd,  Gd,  Y) 

A  large  number  of  crystals  of  the  type  Cs2NaLnXg  (Ln  =  rare  earth,  actinide; 
X=C1,  Br)  have  been  found  to  be  isostructural  (elapsolites)  having  a  cubic  Fm3m  (Oh) 
symmetry.  The  Ln  atom  in  these  crystals  is  six-fold  coordinated  having  an  almost  ideal 
octahedral  (Oj,)  site  symmetry.  Factor  group  analysis  (3)  shows  that  there  are  three 
intramolecular  Raman  active  vibrations  of  the  LnX^,^  octahedra  [Aig  +  Eg  +  F2g]  plus  a 
lattice  Raman  active  nanslatory  mode[F2g]. 

Four  compounds  with  X=Br  and  Ln=La,  Nd,  Gd  and  Y  were  prepared  and  their 
Raman  spectra  were  measured  from  room  temperature  up  to  melting.  All  spectra  were 
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similar  as  seen  for  the  “end”  cases  of  La  and  Y  in  Fig.  5.  As  with  the  chloride  salts  (3,6) 
all  four  expected  Raman  bands  are  present  in  the  room  temperature  spectra.  The  Vi(Aig) 
band  shifts  to  lower  energies  with  increasing  temperature  while  the  V5(F2g)  band  is 
insensitive  to  temperature.  Upon  melting  the  lattice  mode  disappears  but  the  strong 
intramolecular  modes  Vi(Aig)  and  V5(F2g)  are  preserved  indicating  the  presence  of  the 
LnBr^^  octahedral  species  in  the  melt. 

Ilb. Composition  effects  in  the  LnBrg-KBr  (Ln=La,Nd,Gd,Y)  liquid 
mixtures 

The  Raman  spectra  of  all  four  representative  binary  systems  studied  were  rather 
similar.  Figure  6  shows  the  reduced  isotropic  and  anisotropic  spectra  at  selective 
composition  of  the  two  “end”  systems  (La  and  Y).  For  all  four  systems  studied  the 
following  main  cominon  observations  are  noteworthy. 

(i)  For  all  mixtures  with  XLnBr^  ^  0.25  two  main  bands  are  present;  one  polarized 
around  150- 160  cm'^  and  one  depolarized  at  lower  frequencies  (around  70  cm’^).  The 
intensities  of  these  band  increase  almost  linearly  with  increasing  LnBr3  composition 
while  their  position  remains  unchanged.  In  agreement  with  the  previous  section  (Ila)  and 
previous  studies  of  the  chloride  salts  (3,6)  it  is  evident  that  the  main  species  in  all  LnBr3- 
KBr  melts,  rich  in  KBr  ai*e  the  LnBr^^  octahedra.  The  polarized  and  depolarized  bands 
are  thus  assigned  to  the  octahedral  Vi(Aig)  and  V5(F2g)  modes  respectively. 

(ii)  At  compositions  XLnBr3>  0-25  the  isotropic  spectra  show  that  the  Vi  frequency 
remains  practically  unchanged  while  a  new  polarized  band  (P2)  appears  whose  position 
shifts  “continuously”  to  higher  energies  with  increasing  LnBr3  composition.  This  effect 
is  more  pronounced  for  the  YBr3  binaries  and  decreases  gradually  as  we  change  Y  with 
Gd,  Nd  and  La. 

(iii)  The  anisotropic  spectra  also  show  the  appearance  of  a  new  depolarized  band 
which  rises  with  increasing  LnBr3  composition.  It  seems  that  all  spectra  at  high  LnBr3 
content  are  characterized  by  four  main  bands;  two  polarized  P|  and  P2  and  two 
depolarized  Dj  and  D2.  The  frequencies  of  Pj  and  Dj  are  close  to  the  octahedra  vi  and 
V5  bands  respectively  and  are  composition  independent  while  the  P2  and  D2  bands  shift 
in  energy  with  composition  changes.  The  situation  is  very  similar  to  that  of  the  chloride 
mixtures  discussed  in  refs  3  and  6.  The  continuous  shift  of  the  P2  band  indicates  (3)  a 
gradual  distortion  of  the  LiiBr^,^  octahedra.  Within  this  scheme  on  going  from  Oh 
symmetry  to  a  D3  octahedral  distortion  the  vibrational  modes  are  correlated  as: 

Aig  - ►  Ai,  Eg - ^E  F2g  ►  Aj+E 
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which  accounts  for  the  number  and  polarization  chai'acteristics  of  the  observed  bands. 

In  contrast  to  the  fluoride  melts,  the  polarized  Vi(Aig)  mode  of  the  bromide 
octahedra  does  not  vary  with  the  ionic  size  along  the  rare  earth  series.  Figure  3  shows  the 
Vi(Aig)  dependence  on  the  ionic  stength  (r’^)  for  the  fluorides,  bromides  as  well  as  for 
the  chlorides;  obviously  the  slope  increases  systematically  in  the  sequence  Br,  Cl  and  F. 
From  the  relative  ionic  radii  of  the  three  anions  and  all  the  Ln  cations  involved  it  can  be 
rendered  that  in  the  LnX^,^  octahedra  the  central  Ln  cation  is  better  shielded  in  the  cases 
of  the  bromide  and  chloride  then  in  the  case  of  the  fluoride.  As  already  mentioned  above 
the  shielding  also  decreases  with  increasing  size  of  the  central  cation.  Thus,  the  less  the 
shielding  of  the  central  cation  the  easier  it  is  for  the  counter  alkali  cation  to  approach  the 
halide  voids  around  the  octahedra.  This  in  turn  weakens  the  Ln-X  bonding  especially  in 
the  case  of  fluorides  and  accounts  for  the  systematic  variations  seen  in  Fig.  3. 

IIc.Structural  changes  upon  melting  rare  earth  tribromides 

The  crystal  structures  of  the  rare  earth  tribromides  (and  trichlorides)  change  along 
the  series  depending  on  the  size  of  metal  atom.  Thus,  YBr^  and  all  the  lanthanide 
ti  ibromides  from  Lu  to  Gd  are  rhombohedral  having  the  Ln  in  six  fold  coordination,  the 
Eu  to  Nd  tribromides  are  orthorombic  with  an  eight-fold  coordination  for  Ln  while  the 
Pr,  Ce  and  La  tribromides  are  hexagonal  having  the  Ln  in  nine-fold  coordination.  For 
these  three  different  crystal  structures  we  present  in  Fig.  7  the  simplified  general 
skeletons  indicating  the  coordination  of  the  Ln  and  the  bridging  through  the  bromines. 
Structures  A  or  B  have  all  coordinated  bromines  (6  or  8  respectively)  bridged  between 
neighboring  Ln  atoms  while  structure  C  has  6  bridged  and  3  terminal  bromines. 

The  Raman  spectra  of  the  three  different  types  of  solids  are  shown  in  Fig.  8  for  the 
bromides  of  Y  and  Gd  (type  A)  Nd  (type  B)  and  La  (type  C).  Measurements  from  room 
temperature  up  to  melting  have  shown  that  the  bands  of  the  solid  shift  gradually  and 
become  broader.  At  temperature  before  melting  the  spectra  of  the  three  diffeient  solid 
structures  (A,  B,  C)  are  different  while  the  spectra  of  the  solids  of  the  same  crystal 
suucture  are  similar  [i.e.  the  YBr3  and  GdBr3  in  Fig.  8].  However,  upon  melting  all 
three  structures  yield  a  rather  uniform  spectrum  which  is  characterized,  as  mentioned  in 
the  previous  section,  by  two  strong  polarized  Pi  and  P2  bands  and  two  depolarized  band 
Di  and  D2.  The  pattern  of  behavior  of  all  liquid  spectra  in  Fig.  8  is  analogous  to  that  of 
the  YCI3  melt  for  which  a  network  structure  of  bridged  distorted  octahedra  (structure  L) 
was  proposed  (3).  Such  a  liquid  stracture  is  closely  related  to  the  rhombohedral  A  solid 
and  has  been  further  confirmed  by  neutron  diffraction  studies  of  molten  YCI3  (5).  Thus  it 
seems  that  the  melting  of  the  three  different  types  of  LnBr3  solid  structures  (A,  B,  C) 
lead  to  a  common  melt  structure  (L).  The  six  fold  coordination  is  preserved  for  structure 
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A  while  structures  B  and  C  change  the  Ln  coordination  from  eight  or  nine  in  the  solid  to 
six  in  the  melt. 

Finally,  due  to  the  edge  bridging  of  the  octahedra  in  the  liquid  structure  (L)  the 
central  cation  is  in  an  effectively  low  symmetric  field,  consisting  of  three  sets  of  two 
bromides  bridged  to  the  neighboring  cations.  Thus,  the  Raman  spectra  of  the  liquid  could 
be  considered  as  arising  from  the  vibrations  of  a  pyramidal  like  Ln[(Brj^)2]3  unit,  where 
the  Bi-j,  denotes  the  bridging  character  of  the  bromides.  Such  units  give  rise  to  four 
dominant  Raman  active  “internal”  modes  of  the  liquid  with  polarization  and  energy 
characteristics  similar  to  those  observed  in  Fig.  7. 

CONCLUSIONS 

Raman  spectroscopic  measurements  of  the  LnX3-KX  (Ln=  La,  Ce,  Nd,  Sm,  Gd,  Dy,  Y, 
Yb;  X=F,  Br)  binary  mixtures  in  the  liquid  (molten)  and  solid  phases  have  shown  that: 

(i)  the  octahedral  LnF^,^  is  the  predominant  species  in  fluoride  melts  mixtures  rich  in 
KF. 

(ii)  the  six-fold  coordination  is  preserved  in  fluoride  melt  mixtures  at  LnF3 
compositions  up  to  40-50  mole%. 

(iii)  strong  anisotropic  light  scattering  arises  from  LnF3-rich  molten  mixture  which  is 
attributed  to  polarizability  fluctuations  induced  by  Ln-Ln  interactions. 

(iv)  the  octahedral  LnBrJ^^  is  the  predominant  species  in  bromide  melt  mixtures  rich  in 
KBr. 

(v)  a  new  polarized  band  appears  in  the  LnBr3-KBr  melts  which  shifts  continuously  to 
higher  energies  with  increasing  LnBr3  composition.  This  band  is  attributed  to 
distortions  of  LnBr^^  octahedra  which  are  bridged  to  each  other  tlirough  bromides. 

(vi)  the  melting  of  the  LnBr3  solids  with  different  crystal  structures  having  the  Ln  in  6, 
8  or  9  fold  coordination,  results  to  a  common  liquid  structure  where  the  Ln  in 
predominantly  six-fold  coordinated  forming  a  network-like  liquid  with  “octahedra” 
sharing  edges. 
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Table  I:  Main  Raman  frequencies  observed  in  the  LnF3-KF  mixtures  at  different 
compositions  and  temperatures. 


T^C) 

Main  frequencies  (cm'*) 

UF3-KF 

Hi 

10% 

400 

(180)^ 

■Rim 

400 

(180) 

20% 

1000 

400 

(180) 

25% 

1000 

400 

(180) 

30% 

1000 

400 

(280) 

40% 

1000 

400 

(280) 

CeFj-KF 

10% 

850 

406 

(190) 

1000 

406 

(190) 

20% 

700 

406 

(190) 

800 

406 

(189) 

900 

406 

1000 

406 

25% 

1000 

406 

(189) 

30% 

1000 

406 

(298) 

40% 

1000 

406 

(298) 

NclFj-KF 

10% 

850 

415 

(195) 

25% 

850 

415 

(195) 

SmF3-KF 

10% 

850 

427 

(197) 

1000 

427 

(197) 

25% 

1000 

427 

(197) 

DyF3-KF 

10% 

850 

440 

(203) 

1000 

440 

(203) 

25% 

1000 

440 

(203) 

YF3-KF 

10% 

850 

442 

(208) 

1000 

442 

(208) 

13% 

800 

442 

(208) 

900 

442 

(208) 

1000 

442 

(208) 

20% 

1000 

442 

(208) 

25% 

1000 

442 

(208) 

30% 

1000 

444 

(210) 

40% 

1000 

446 

(360) 

(209) 

43% 

850 

446 

(360) 

900 

446 

(360) 

1000 

446 

50% 

1000 

449 

(361) 

YbF3-KF 

10% 

850 

452 

214 

1000 

452 

(214) 

‘‘Numbers  in  parentheses  indicate  shoulder  bands  and  the  estimated  frequencies 
with  an  error  of  lOcm”'. 
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Table  II:  Binary  bromide  systems  studied  and  the  major  frequencies  observed. 
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Table  III:  Compounds  studied  and  main  frequencies  observed  in  solid  and 
liquid  phases. 


Compound 

T("C) 

Main  frequencies  (cm"') 

K3YF6 

25 

466 

380 

218 

120 

1000 

422 

208 

Cs,  NaYBr^ 

25 

179 

139 

81 

41 

785 

155 

65 

Cst  NaGdBr^ 

25 

178 

140 

77 

39 

750 

155 

62 

CS2  NaNdBrg 

25 

174 

137 

74 

38 

750 

147 

53 

Cs2  NaLaBre 

25 

170 

134 

71 

30 

745 

145 

51 

YB13 

25 

210 

161 

128  104 

62 

44 

920 

250 

151 

GdBi3 

25 

178 

158 

139  127 

89 

58 

41 

800 

217 

154 

NdBra 

25 

165 

153 

135  115 

108 

90 

53 

740 

220 

144 

LaBf3 

25 

134 

118 

ill 

77 

810 

218 

135 
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Relative  Intensity  Relative  Intensity 


La  Ce  ■■+-■■■■■  LnP/' 
400-.  •+-■+' 

t=1000°C  I 


/  218cm-'  / 

/466cm-'  A  120cii^ 

(380cm-') 

V  V  ''c  '' 


,  Nd 

La  p 

Y 

•  ••□ . 

t=700“C 

LnClg^' 

La  Nd 

Gd 
o . 

Y 

t=750‘’C 

LnBre^' 

600  400  200  0  0.95  1.00  1.05  1.10  1.15 

Raman  Shift  (cm-i)  r'^(A‘^) 

•ig.  1:  Raman  spectra  of  polycrystalline  Fig.  3:  The  frequency  of  the  LnX^3 
nd  molten  K^YF^.  ^  ^  strenth  of  the  Ln3+  ion. 


0.1  LnF^-0.9  KF 
VV  configuration 

1123  K 


VV  configuration  1273  K 


V"  400 

-Ce_-<5C 

440 

3^-44^ 

_L_— - 

Yb  - 

Raman  Shift  (cm‘0 


.  2:  Raman  VV  spectra  of  0,9  KF-0,1  LnF^  and  K^LnF^  melts. 
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Raman  Shift  (cm“i) 

Fig,  4:  Reduced  isotropic  and  anisotropic  spectra  of  the  KF-LnF^  (Ln:La,  Y) 
liquid  mixtures. 


Electrochemical  Society  Proceedings  Volume  96-7 


Relative  Intensity 


Raman  Shift  (cm-') 

Fig.  5:  Raman  spectra  of  polycrystalline  and  molten  Cs^NaLaBr^  and  Cs^NaYBr 


Fig.7;  Structural  changes  occurring  upon  melting  rare  earth  trihalides. 
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Fig.  6:  Reduced  isotropic  and  anisotropic  Raman  spectra  of  YBr^-KBr  and  LaBr^-KBr. 
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EFFECTS  OF  HYDROPHOBIC  INTERACTION 
IN 

n-ALKANECARBOXYLATE  HYDRATE  MELT 

Shigehito  DEKI,  Hiroshi  NAKAHARA,  Junji  KONDO,  and  Akihiko  KAJINAMI 

Department  of  Chemical  Science  &  Engineering, 

Faculty  of  Engineering,  Kobe  University 
Rokkodai-cho,  Nada-ku,  Kobe  657,  Japan 


Ultrasonic  velocity,  u,  and  adiabatic  compressibility,  p,  were 
measured  for  sodium  w-alkanecarboxylate  hydrate, 
CnH2n+iCOONa,  melts  (n=0-4).  The  maximal  value  of  u 
and  minimal  value  of  p  were  observed  in  a  systems  except 
that  of  sodium  formate  hydrate  at  the  composition  range  of 
R=[H20]/[salt]  =  4-20.  The  linear  relationships  were  ob¬ 
tained  between  these  values  and  the  alkyl  chain  length,  n. 
Because  these  maximal  or  minimal  values  were  not  observed 
for  the  systems  containing  the  salts  without  hydrophobic 
groups,  this  composition  dependence  seems  to  be  related  to 
the  hydrophobic  hydration  in  hydrate  melts.  The  several  sys¬ 
tems  containing  alkali  metal  «-alkanecarboxylate  hydrate 
melts  were  measured.  However,  the  differences  of  values  of 
u  and  P  caused  by  the  difference  of  cation  species  were  smaller 
than  those  by  anion.  Consequently,  the  hydrophobic  effect 
caused  by  n-alkyl  chain  was  dominant  for  the  interactions 
among  the  dissolved  species  in  these  systems. 


INTRODUCTION 

A  large  amount  of  research  has  been  done  on  hydrophobic  interaction  among  nonpo¬ 
lar  molecules  or  nonelectrolyte  molecules  with  comparatively  simple  structure  (1).  Those 
hydrophobic  effects  in  monohydric-alcohol  solutions  lead  to  a  large  negative  excess  en¬ 
tropy  of  mixing,  a  positive  heat  capacity  of  solution,  and  a  negative  excess  partial  molar 
volume  of  alcohol.  These  results  suggested  that  hydrophobic  groups  form  the  voluminous 
cage  structure  with  hydrogen  bonding  effect,  which  causes  the  anomalous  properties  of 
water  at  higher  temperature  range.  Organic  molten  salts  show  most  distinctive  physico¬ 
chemical  properties,  in  case  that  the  ratio  of  ionic  charge  to  the  total  number  of  atoms  in  the 
ion  is  fairly  high.  In  this  case,  strong  primary  electrostatic  forces  among  the  ionic  species 
are  not  highly  shielded  by  the  organic  part  in  the  ion.  Ionic  interactions  in  these  systems 
have  some  influence  on  the  hydration.  However,  few  kinds  of  electrolyte  solution  have 
been  investigated  sufficiently. 
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Aqueous  alkali  metal  «-alkanecarboxylate  systems  can  cover  wide  composition  range 
from  aqueous  solution  to  hydrate  melt.  The  system  keeps  a  stable  liquid  state  in  the  rela¬ 
tively  low  water  content  range  such  as  hydrate  melt  and  even  at  the  temperature  below  the 
melting  point  as  a  supercooled  liquid.  Therefore,  these  systems  are  suitable  for  the  investi¬ 
gation  of  properties  in  the  boundary  region  between  the  molten  salt  and  the  aqueous  solu¬ 
tion.  Additionally,  the  n-alkanecarboxylate  anion  which  is  one  of  the  components  in  these 
systems  is  different  from  inorganic  anions  in  the  nature,  because  both  a  hydrophilic  car¬ 
boxyl  and  a  hydrophobic  alkyl  groups  are  included  in  their  molecular  structures. 

We  have  been  focusing  on  alkali  metal  n-alkanecarboxylate  /water  systems,  which 
can  cover  widely  composition  range  in  aqueous  solution  and  hydrate  melt.  Various  physi¬ 
cal  properties  (2)  and  structural  analysis  by  X-ray  diffraction  (3)  have  been  reported  for  the 
system  containing  alkali  metal  acetate  and  water  in  a  wide  concentration  range  between 
dilute  aqueous  solution  and  hydrate  melt.  Formate,  acetate,  propionate,  butyrate,  and  valer¬ 
ate  ions  were  chosen  as  anions  in  order  to  discuss  hydrophobic  interactions  in  the  highly 
concentrated  solution  and  the  hydrate  melt.  Changing  the  alkyl  chain  length  in  «-alkan- 
ecarboxylate  anions  gives  some  information  regarding  the  effect  of  the  hydrophobic  inter¬ 
action  in  the  system. 

For  these  systems,  the  ultrasonic  velocity  were  measured  and  the  adiabatic  compress¬ 
ibility  was  calculated  in  the  wide  composition  range.  The  effect  of  the  anionic  hydration 
condition  is  discussed  for  several  kinds  of  n-alkanecarboxylate  ions. 

EXPERIMENTAL 


Preparation  of  Samples 

Several  kinds  of  sodium  n-alkanecarboxylate  hydrate  melt  were  prepared.  Compo¬ 
nent  table  of  cation  and  anion  is  shown  in  Table  1.  Double  distilled  water  was  used  for 
dissolving  and  diluting.  As  a  reference,  aqueous  sodium  chloride  solution  was  prepared. 
These  samples  were  filtered  with  a  sintered  glass  filter  through  a  hot  funnel  in  order  to 
eliminate  precipitations  and  solid  impurities.  The  concentration  was  determined  by  the 
gravimetry.  Concentration  of  each  solution  was  represented  by  the  molar  ratio;  /?-[H20]/ 
[salt].  Though  the  concentration  ranges  depend  on  the  solubilities,  it  was  concentrated 
enough  to  discuss  in  this  study.  The  values  of  R  ranged  from  ca.  2  to  50  for  most  of  the 
system  containing  hydrate. 

tlltrasonic  Measurement 

A  send-receive  type  ultrasonic  cell  equipped  with  an  x-cut  quartz  crystol  as  a  trans¬ 
ducer  was  used  for  the  measurement  of  ultrasonic  velocity  in  the  sample  liquid.  The  sche¬ 
matic  drawings  of  block  diagram  are  shown  in  Fig.l.  Model  UAC-77-S  ultrasonic  attenu¬ 
ation  comparator  (Teitsu  Denshi  Kenkyusho  Co.  Ltd.),  model  UAC-77-012  synchronous 
divider  (Teitsu  Denshi  Kenkyusho  Co.  Ltd.),  and  DL2120  digital  oscilloscope  (Yokogawa 
Denki  Co.  Ltd.)  were  assembled  for  the  measurement  of  the  ultrasonic  velocity.  The  path- 
length  of  the  ultrasonic  wave  was  adjusted  with  a  micrometer.  In  order  to  prevent  contami¬ 
nation  caused  by  cell  components,  most  of  parts  contacted  with  liquid  were  made  of  glass 
and  polytetrafluoroethylene.  Ultrasonic  velocity  was  directly  obtained  from  the  delay  time 
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required  for  the  propagation  of  the  pulsed  ultrasonic  wave  with  the  variation  of  the  path- 
length.  All  measurements  were  carried  out  at  a  frequency  of  10  MHz  and  in  the  temperature 
range  between  30  and  65°C.  The  temperature  of  the  sample  was  controlled  within  iO.TC 
of  each  designated  temperature  by  immersion  of  the  ultrasonic  cell  in  a  water  bath. 

Calculation  of  Adiabatic  Compressibility 

Adiabatic  compressibility,  p,  is  given  by  the  Eq.  [1]. 

P=W  [1] 

where,  d  is  the  density  of  the  hydrate.  In  order  to  calculate  p,  the  density  of  the  hydrate  melt 
should  have  been  measured.  The  density  was  measured  by  the  Archimedean  method  weigh¬ 
ing  a  ceramic  sinker  with  an  electronic  balance. 

RESULTS  AND  DISCUSSION 


Ultrasonic  Velocity 

Composition  dependence  of  the  ultrasonic  velocity  was  observed  for  the  ultrasonic 
velocity  in  sodium  n-alkanecarboxylate  hydrate  as  shown  in  Fig.2.  For  the  system  contain¬ 
ing  sodium  formate  only,  the  ultrasonic  velocity  increased  as  the  water  content  decreased 
simply,  as  well  as  the  dependence  for  the  system  of  aqueous  NaCl  solution.  For  the  other 
systems;  CH3COONa-Hp,  C^H^COONa-Hp,  n-C3HpOONa-Hp  and  «-C,HpOONa- 
Hp,  which  have  hydrophobic  parts  in  themselves,  each  composition  dependence  of  ultra¬ 
sonic  velocity  showed  a  maximal  value.  In  the  composition  range  of  R>25,  those  four 
systems  having  a  hydrophobic  parts  showed  nearly  similar  values  at  the  same  water  con¬ 
tent.  In  the  range  of  R<25,  the  longer  the  «-alkyl  chain  length  was,  the  more  gently  the 
curve  rose  toward  the  maximal.  Ultrasonic  velocities  for  the  systems  having  hydrophobic 
parts  were  larger  than  that  of  the  system  without  hydrophobic  group  in  the  composition 
range  at  R>25,  where  water  molecules  are  considered  to  exist  enough  to  form  the  hydration 
structure. 

Adiabatic  Compressibility 

Calculated  adiabatic  compressibility,  p,  are  shown  in  Fig.2.  As  well  as  the  results  of 
the  ultrasonic  velocity,  these  composition  dependences  were  classified  in  two  groups  based 
on  the  structural  difference  of  ions.  The  compressibility  decreased  simply  as  the  water 
content  decreased  for  the  system  containing  sodium  formate.  Based  on  the  hydrate  struc¬ 
ture  of  formate  acid,  formate  anion  forms  hydration  structure  with  six  water  molecules  (4). 
In  dilute  concentration  range  of  sodium  formate  solution,  this  bulky  cluster  may  lead  to 
larger  adiabatic  compressibility  in  HCOONa-Hp  than  that  in  the  other  sodium  n- 
alkanecarboxylates.  For  the  system  containing  the  anion  having  hydrophobic  groups,  the 
minimal  values  of  the  compressibility  were  observed  and  increased  as  the  alkyl  chain  length 
increased. 

We  also  measured  the  temperature  dependence  of  the  adiabatic  compressibility.  In 
the  higher  concentration  range  of  R  (dilute  range),  the  value  of  P  has  a  minimal  point  around 
40“C.  However  the  linear  relationship  between  the  compressibility  and  tempera-ture  was 
observed  at  a  range  lower  than  R  at  which  the  compressibility  has  the  minimal  value.  This 
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results  also  suggested  that  the  hydration  structure  changed  at  this  concentration  range. 

The  values  of  (3  were  ranged  at  2  -  4  x  lO^o  Pa  These  values  were  smaller  that  that 
of  the  adiabatic  compressibility  in  aqueous  media  forming  a  hydrogen  bonding  network 
such  as  water  (4.2  x  10'°  Pa  '  at  bOX)  and  acetic  acid(7.0  x  10'°  Pa-'  at  60X).  This  result 
indicates  that  the  hydrophobic  group  influences  the  water-water  interaction  and  forms  the 
hydrophobic  hydration. 

The  adiabatic  compressibility  decreased  gradually  as  n-alkyl  chain  length  increased 
from  CH3C00Na-H20  to  C^HgCOONa-Hp  in  composition  range  of  ^  >  30.  Also,  the 
values  of  adiabatic  compressibility  for  these  four  systems  were  clearly  smaller  than  those  of 
NaCl-H  O  and  HCOONa-Hp  systems  which  do  not  include  the  hydrophobic  group.  It  is 
considered  that  an  increase  of  the  region  of  hydrophobic  hydration  lead  to  expansion  with 
the  alkyl  chain  length.  An  adiabatic  compressibility  showed  the  minimum  value  for  each 
system  containing  the  ion  having  hydrophobic  part,  such  as  C^Hj^^jCOONa  (n=l-4).  The 
composition  range  in  which  minimal  values  appeared  increased  as  the  alkyl  chain  length,  as 
well  as  the  variation  for  the  ultrasonic  velocity.  In  the  following  section,  the  effect  of 
hydrophobic  part  of  alkyl  chain  in  the  alkanecarboxylate  ions  are  discussed. 

Hydrophobic  Effect 

In  the  composition  range  of  R<  25,  different  composition  dependences  appeared  as 
shown  in  Fig.2  and  3.  It  is  considered  that  the  number  of  water  molecule  is  not  enough  to 
make  hydration  structure  and  ion-water  interactions  and  cation-anion  interactions  become 
dominant.  In  this  composition  range,  at  first,  the  number  of  water  molecules  which  corre¬ 
lated  to  anion-water  interactions  decreases  as  water  content  decreased  toward  the  minimal 
point  of  the  adiabatic  compressibility.  An  contribution  of  water-water  interaction  to  ultra¬ 
sonic  velocity  will  be  quite  small  due  to  a  lack  of  water  molecules  in  the  solution.  Consid¬ 
ering  the  above  results,  the  n-alkyl  chain  length  may  significantly  influence  the  interactions 
among  the  dissolved  species  in  a  hydrate  melt  structure. 

The  minimal  point  of  the  adiabatic  compressibility  for  each  system  appeared  at  higher 
water  content  with  an  increase  of  «-alkyl  chain  length  in  an  anion  as  shown  in  Fig.4.  These 
plots  show  a  linear  relationship  of  which  gradient,  Rt  C-atom,  is  ca,  4.7.  This  clear  depen¬ 
dence  suggests  that  this  value  is  related  to  anion- water  interaction,  especially,  between  one- 
methylene  group  and  water.  The  minimal  points  may  appear  at  the  composition  at  which 
the  hydrophobic  hydration  of  individual  n-alkyl  group-water  interaction  cannot  be  kept. 
The  larger  the  n-alkyl  chain  length  in  the  anion  is,  the  more  dominant  the  hydrophobic 
interactions  may  be  in  the  melt,  because  the  maximal  ultrasonic  velocity  decreased  in  the 
increase  of  n-alkyl  chain  length.  It  is  considered  that  an  increase  of  the  number  of  C-atoms 
caused  that  water  molecules  enter  to  the  compressible  part  in  the  hydrate  melt  at  the  mini¬ 
mal  point  of  adiabatic  compressibility.  Those  water  molecules  in  hydrate  melt  may  form 
voluminous  structure  which  have  low  energy  of  configurations  such  as  the  structure  of  ice 
(5).  Consequently,  it  is  concluded  that  the  hydrophobic  groups  occupy  large  part  of  the 
hydrate  melt  and  interactions  in  hydrate  melt  are  related  to  the  hydrophobic  hydration  of  the 

alkyl  groups.  .  ,  ■ 

In  this  composition  range,  in  which  hydrate  melt  exists,  the  ultrasonic  velocity  rap¬ 
idly  decreased  as  water  content  decreased.  The  size  and  chemical  nature  of  the  surfactant 
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hydrophobic  w-alkyl  chain  have  an  important  bearing  on  the  magnitude  of  the  critical  mi¬ 
celle  concentration,  CMC.  The  values  of  CMC  for  this  aqueous  sodium  n-alkanecarboxy- 
late  media  represent  that  the  hydrophobic  and  hydrophilic  parts  assemble  the  micelle  struc¬ 
ture.  The  values  of  CMC  in  the  reference  corresponded  to  the  values  of  R  in  which  the 
maximal  values  of  the  ultrasonic  velocity  was  obtained  in  this  study  (6).  It  is  suggested  that 
the  micelle  structure  was  formed  and  the  phase  separation  between  hydrophilic  and  hydro- 
phobic  parts  occurred  in  these  liquid  media  and  related  to  the  ultrasonic  phenomena. 

Effect  of  Hydration  of  Cationic  Species 

As  mentioned  above,  the  hydrophobic  hydration  effect  of  anion  was  dominant  for  the 
aqueous  «-alkanecarboxylate.  In  order  to  support  this  result,  we  discuss  the  cation  effect  on 
the  hydration  phenomena  in  the  viewpoint  of  ultrasonic  properties.  The  variations  of  the 
ultrasonic  velocities  and  the  adiabatic  compressibility  with  the  composition  ratio,  R,  are 
shown  in  Fig.5.  Though  values  for  the  three  kinds  of  hydrate  melt  are  different  at  the  same 
value  of  /?,  the  minimal  points  of  compressibility  were  close  values  among  these  systems. 
For  the  other  systems  containing  the  n-alkanecarboxylate,  the  same  tendencies  were  ob¬ 
served.  As  described  in  previous  section,  the  relationship  between  the  values  of  R  at  the 
minimal  point  of  adiabatic  compressibility  and  the  number  of  C-atoms  in  the  «-alkyl  chain 
of  carboxylate  anion  is  shown  in  Fig.6.  Linear  relationships  are  observed  for  each  kind  of 
carboxylate.  However,  the  difference  among  the  cationic  species  are  quite  smaller  than 
those  of  anions.  Therefore,  cationic  species  have  a  smaller  effect  in  these  systems  than  the 
anionic  hydrophobic  hydration  in  the  alkali  metal  n-alkanecarboxylate  hydrate. 

CONCLUSIONS 

The  ultrasonic  velocity  and  adiabatic  compressibility  were  measured  for  the  various 
kind  of  alkali  metal  n-alkanecarboxylate  hydrates.  The  maximal  value  of  the  velocity  and 
the  minimal  value  of  the  compressibility  were  obtained  for  the  system  containing  the  anion 
having  a  hydrophobic  part  in  itself.  These  results  suggested  that  the  phase  separation  re¬ 
lated  to  molecular  hydrophilicity  occurred  in  the  hydrate.  The  effect  of  hydrophobic  hydra¬ 
tion  was  larger  than  that  of  the  cationic  hydration  in  the  alkali  metal  n-alkanecarboxylate 
hydrate  melt. 
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Table  I  Component  table  of  cation  and  anion  of  prepeared  samples.  G.R.:  anhydrous 
guaranteed  reagent  purchased.  NTRL  meutralized  from  corresponding  acid  and 
hydroxide.  All  of  reagents  were  guaranteed  reagent. 


catioii^ 

formic 

HCOO- 

acetic 

CH3COO- 

propionic 

rt-C^HjCOO- 

n-butyric 

n-C3H,COO- 

n-valeric 

«-C,H,COO- 

Li^ 

_ 

G.R. 

NTRL 

NTRL 

— 

Na^ 

G.R. 

G.R. 

G.R. 

NTRL 

NTRL 

K" 

— 

G.R. 

NTRL 

NTRL 

cell 

Fig.  1 .  Block  diagram  of  the  pulse  method  for  measurement  of  ultrasonic  velosity. 


Fig.2.  Composition  dependence  of  the  ultrasonic  velocity  for  sodium  n-alkanecaroxylate  hydrate 
and  sodium  chrolide  systems  at  60”C, 
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Fig. 5.  Variations  of  (a)  the  ultrasonic  velosities  and  (b)  the  adiavatic  compressibilities  with  the 
compositions  for  the  alkali  metal  acetate  hydrate  melt  at  60“C. 


Fig. 6.  Relationships  of  R  at  the  minimal  points  of  the  adiabatic  compressibilities  with  the  number  of 
C  atoms  in  the  alkyl  chain  of  the  carboxylate  anion  for  the  alkali  metal  rr-alkanecarboxylate  hydrate 
melt. 
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Fig.3.  Composition  dependence  of  the  adiabatic  compressibility  for  sodium  n-alkanecaroxylate  hydrate 
and  sodium  chrolide  systems  at  60°C. 


Fig.4.  Relationship  of  flat  the  minimal  points  of  the  adiabatic  compressibility  with  the  number  of  C- 
atoms  in  the  n-alkyl  group  of  carboxylate  anion  for  C„H2„^,C00Na-H20  {n=1-4). 
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ELECTRODEPOSITION  OF  COBALT-ALUMINUM  ALLOYS  FROM  THE 
ALUMINUM  CHLORIDE- 1-METHYL-3-ETHYLIMIDAZOLIUM 
CHLORIDE  ROOM-TEMPERATURE  MOLTEN  SALT 

John  A.  Mitchell,  William  R.  Pitner,  and  Charles  L.  Hussey 
Department  of  Chemistry 
University  of  Mississippi 
University,  MS  38677 

Gery  R.  Stafford 

Materials  Science  and  Engineering  Laboratory 
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Gaithersburg,  MD  20899 


The  electrodeposition  of  magnetic  cobalt-aluminum  alloys  was  investigated 
in  the  Lewis  acidic  aluminum  chloride- l-methyl-3-ethylimidazo!ium  chloride 
(60.0-40.0  mole  %)  molten  salt  containing  electrogenerated  Co(II)  at  25  X. 
Alloy  deposits  containing  up  to  62  atomic  %  aluminum  were  produced  at 
potentials  positive  of  that  for  the  bulk  deposition  of  aluminum.  The  onset  of 
the  underpotential  driven  aluminum  co-deposition  process  occurred  at  around 
0.40  V  versus  the  A1/A1(III)  couple.  The  Co-Al  alloy  composition  displayed 
an  inverse  dependence  on  the  Co{II)  concentration,  but  tended  to  become 
independent  of  concentration  as  the  potential  was  decreased.  A  RRDE 
voltammetry  technique  was  developed  to  analyze  the  composition  and 
structure  of  the  Co-Al  alloy  deposits.  SEM-EDS  analysis  of  bulk  electrode¬ 
posits  revealed  that  the  deposit  morphology  depends  strongly  upon  the 
aluminum  content/deposition  potential;  deposits  produced  at  0.40  V  consisted 
of  10-20  pm  diameter  multifaceted  nodules  of  pure  hep  cobalt  whereas  those 
obtained  at  0.20  V  were  dense  and  fine  grained,  containing  about  4  atomic  % 
AI.  Deposits  produced  at  0  V  had  the  visual  appearance  a  of  loosely  adherent 
black  powder.  XRD  diffraction  measurements  revealed  a  lattice  expansion 
and  a  decrease  in  grain  size  as  the  hep  cobalt  was  alloyed  with  increasing 
amounts  of  aluminum. 


INTRODUCTION 

Transition  metal-aluminum  alloys  are  of  great  interest  because  of  their  structural 
properties,  corrosion  resistance,  and,  in  some  cases,  unusual  magnetic  properties.  These 
materials  are  often  difficult  to  prepare  using  conventional  metallurgical  processes;  however, 
electrodeposition  offers  a  convenient  route  to  some  of  these  materials.  Lewis  acidic  (AlClj- 
rich)  chloroaluminate  molten  salts  are  useful  electrolytes  for  the  electrodeposition  of  transition 
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metal-aluminum  alloys.  The  attractiveness  of  these  molten  salts  stems  in  part  from  the  fact 
that  they  constitute  a  concentrated  reservoir  of  reducible  aluminum-containing  species  such 
as  AI2CI7".  Of  the  extant  chloroaluminate  melts,  the  AlClj-NaCl  system  has  received  the  most 
attention,  and  the  electrodeposition  of  several  nonequilibrium  binary  alloys,  e.g.,  Cr-Al,‘  Mn- 
Ni-Al,**  and  Ti-Al,*  has  been  achieved  in  this  melt. 

Low  melting  salts  are  obtained  when  the  alkali  chloride  component(s)  of  traditional 
chloroaluminate  melts  are  replaced  with  certain  unsymmetrical  quaternary  ammonium  chloride 
salts  such  as  l-(l-butyl)pyridinium  chloride  (BupyCI)  or  1 -methyl-3 -ethylimidazolium 
chloride  (MeEtimCl).  The  physical  and  electrochemical  properties  of  these  organic  salt-based 
molten  salt  systems  have  been  reviewed.*  ’  The  AlCl3-BupyCl  and  AlClj-MeEtimCl  molten 
salts  are  less  conductive  and  more  viscous  than  the  AlCl3-NaCl  and  related  inorganic  systems, 
but  in  actuality  they  present  fewer  experimental  challenges.  For  example,  they  can  be 
employed  at  room  temperature,  and  they  exhibit  no  vapor  pressure  due  to  the  escape  of  AICI3 
and/or  AljClg ,  which  is  a  debilitating  characteristic  of  the  Lewis  acidic  inorganic  chloroalumi- 
nates. 


In  a  previous  article,  we  described  the  electrodeposition  of  magnetic  Ni-Al  alloys  from 
solutions  of  nickel(II)  in  the  acidic  AlCl3-MeEtimCl  melt  at  40  “C.*  Ni-Al  alloys  containing 
up  to  40  atomic  %  aluminum  were  obtained.  The  mechanism  leading  to  the  formation  of  Ni- 
Al  involves  the  underpotential  deposition  (UPD)  of  aluminum  during  the  mass-transport- 
limited  electrodeposition  of  nickel.  It  was  recently  reported’’’”  that  magnetic  Co-Al  alloys 
containing  up  to  62  atomic  %  aluminum  can  be  electrodeposited  from  solutions  of  cobalt(II) 
in  the  AlCl3-MeEtimCl  melt  and  that  the  co-deposition  of  aluminum  is  driven  by  a  UPD 
mechanism  similar  to  that  found  for  the  Ni-Al  system.  However,  few  experimental  details  are 
given  in  these  reports,  and  the  influence  of  the  cobalt(II)  concentration  and  deposition 
potential  on  the  composition,  surface  morphology,  and  crystal  structure  of  the  electrodepos¬ 
ited  alloys  is  unknown.  In  this  article,  we  describe  the  results  of  an  investigation  of  the 
electrodeposition  of  Co-Al  alloys  from  the  acidic  AlC^MeEtimCl  molten  salt.  Thin  layer  Co- 
Al  electrodeposits  were  studied  under  the  idealized  mass  transport  conditions  afforded  by 
rotating  electrode  voltammetry,  and  bulk  deposits  were  prepared  on  copper  wire  electrodes 
and  characterized  by  SEM-EDS  and  XRD  techniques. 

EXPERIMENTAL 

The  glove  box  system  and  the  methods  used  to  prepare  and  purify  the  AICI3- 
MeEtimCl  melt  were  identical  to  those  employed  previously.*  Rotating-disk  electrode  (RDE) 
voltammetry  and  controlled-potential  coulometry  experiments  were  performed  with  an  EG&G 
Princeton  Applied  Research  Corp.*  (EG&G  PARC)  Model  173  potentiostat/galvanostat. 


Certain  commercial  materials  and  instruments  are  identified  in  this  report  to  adequately 
specify  the  experimental  procedure.  In  no  instance  does  such  identification  imply  recommen- 
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Mode!  179  digital  coulometer  plug-in  module,  and  Model  175  universal  programmer. 
Rotating-ring-disk  electrode  (RRDE)  voltammetry  experiments  were  carried  out  by  using  a 
Pine  Instrument  Co.  Model  RDE  3  bipotentiostat  combined  with  an  EG&G  PARC  Model  379 
digital  coulometer.  Controlled  electrode  rotation  was  provided  by  a  Pine  Model  AFMSRX 
electrode  rotator.  RRDE  data  were  recorded  with  two  Linseis  Model  1600  X-YA^-t 
recorders.  The  electrodes  used  for  RDE  and  RRDE  voltammetry  were  Pine  Instrument  Co. 
Teflon-sheathed  platinum  disk  (geometrical  area  =  0.196  cm^)  and  platinum  ring-disk  = 
2.29  mm,  ^2  =  2.46  mm,  and  =  2,69  mm)  electrodes,  respectively.  Before  use,  these 
electrodes  were  polished  to  a  mirror  finish  with  an  aqueous  slurry  of  0.05  pm  alumina  by 
using  a  Buehler  Metaserve  grinder/polisher,  rinsed  with  distilled  water,  and  dried  under 
vacuum  in  the  glove  box  antechamber.  They  were  conditioned  before  each  experiment  by 
holding  them  at  the  positive  limit  of  the  melt  ('-2.2  V)  for  about  30  s.  The  electrode  rotation 
rate  employed  for  all  RDE  and  RRDE  experiments  was  104.7  rad  s‘V  The  counter  electrode 
was  a  spiral  of  1-mm  diameter  cobalt  wire  (Mfa/AESAR,  Puratronic)  immersed  directly  in  the 
bulk  melt.  All  potentials  were  referenced  to  the  A1/AI{III)  couple  in  the  60.0-40.0  mole  % 
(m/o)  melt.  The  reference  electrode  was  identical  in  design  to  that  described  in  a  previous 
article,*  i.e.,  an  aluminum  wire  (Alfa/AESAR,  Puratronic)  spiral  was  placed  in  a  melt-filled 
tube  terminated  by  an  ACE  porosity  E  glass  frit.  This  tube  was  submerged  in  the  bulk  melt 
in  the  cell  so  that  the  liquid  levels  inside  and  outside  the  tube  were  equal.  Cobalt(II)  was 
introduced  into  the  melt  by  anodization  of  a  cobalt  wire  working  electrode  identical  to  the 
counter  electrode.  However,  in  this  case  the  counter  electrode  was  similar  to  the  reference 
electrode  described  above.  The  solubility  of  cobalt(n)  in  the  melt  was  not  determined,  but 
0.10  mol  solutions  of  cobalt(II)  were  routinely  prepared  by  using  this  procedure.  All 
experiments  were  conducted  in  the  60.0-40,0  m/o  melt  at  25+  1  ”C. 

Protonic  impurities  were  removed  from  the  melt  prior  to  its  use  in  order  to  avoid  the 
co-deposition  of  hydrogen.  Therefore,  the  AlClj-MeEtimCl  molten  salt  was  electrolyzed 
between  aluminum  electrodes  in  the  glove  box  for  several  days  as  previously  described.* 
After  filtering  the  melt  through  a  medium  porosity  glass  fnt  to  remove  aluminum  particles  that 
had  detached  from  the  aluminum  cathode  during  electrolysis,  the  melt  was  evacuated  to  1.3 
x  10'^  Pa  for  24  h. 

The  composition  and  structure  of  bulk  alloy  electrodeposits  were  probed  with 
scanning  electron  microscopy  (SEM),  energy  dispersive  x-ray  spectroscopy  (EDS),  and  x-ray 
diffraction  (XRD)  techniques  (Cu-Ka  radiation)  using  the  facilities  at  the  National  Institute 
of  Standards  and  Technology.  SEM  and  EDS  were  carried  out  on  polished  cross  sections  of 
alloy  electrodeposited  on  1-mm  diameter  copper  wire.  Samples  were  overplated  with  copper 
using  a  copper  cyanide  strike  followed  by  bright  copper  from  a  copper  sulfate  electrolyte. 


dation  or  endorsement  by  the  National  Institute  of  Standards  and  Technology,  nor  does  it 
imply  that  the  material  identified  is  necessarily  the  best  available  for  this  purpose. 
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For  quantitative  analysis,  the  EDS  results  were  referenced  to  pure  aluminum  and  cobalt 
standards.  The  reported  values  are  the  averages  of  at  least  six  measurements. 

RESULTS  AND  DISCUSSION 


Voltammetric  Results 


Solutions  of  cobalt(II)  in  the  60.0-40.0  m/o  melt  were  prepared  by  the  controlled- 
potential  coulometric  anodization  of  a  cobalt  wire  electrode  at  a  potential  of  1.30  V. 
Calculations  based  on  the  charge  passed  and  the  weight  loss  of  the  electrode  resulting  from 
anodization  confirmed  that  cobalt(II)  was  the  oxidation  product.  Figure  1  shows  RDE 
voltammograms  recorded  point-by-point  in  5,00,  10.0,  25.0,  and  50.0  mmol  L  solutions  of 
cobalt(II)  at  a  Pt-RDE.  Each  data  point  in  these  voltammograms  is  the  average  of  no  less 
than  two  independent  experiments.  The  procedure  used  to  record  these  voltammograms 
involved  pulsing  the  potential  of  the  Pt-RDE  from  1,20  V,  where  no  reduction  current  was 
observed,  to  the  desired  final  potential  and  then  holding  the  electrode  at  this  potential  until 
a  steady-state  current  was  obtained.  Such  a  current  was  usually  attained  in  less  than  30  s,  and 
in  no  case  was  a  continuous  rise  in  the  current  observed  that  suggested  the  growth  of  a 
dendritic  deposit  with  dimensions  exceeding  those  of  the  electrode  diffusion  layer.  After  the 
current  for  the  data  point  of  interest  was  recorded,  the  electrode  was  held  at  a  potential  of 
2.20  V  for  30-45  s  to  strip  the  electrodeposit  and  then  the  process  was  repeated  at  a  new 
potential.  The  resulting  voltammograms  were  found  to  be  more  reproducible  than  those 
constructed  from  potentiostatic  current-time  transients  acquired  at  a  stationary  electrode  in 
the  traditional  way.  Also  shown  in  Fig.  1  is  a  voltammogram  recorded  in  pure  melt  by  using 
the  same  technique;  no  significant  reduction  current  was  obtained  at  the  Pt-RDE,  indicating 
that  the  concentration  of  reducible  protonic  impurities  was  very  low  in  the  melt  used  in  this 
investigation. 

Each  of  the  voltammograms  in  Fig,  I  displays  a  well-defined  limiting  current;  this 
limiting  current  corresponds  to  the  following  mass-transport-limited  reaction 

Co^Xsolv)  +  2e'  **  Co(s)  [1] 

where  Co^'^(solv)  represents  cobalt(II)  solvated  by  the  molten  salt.  The  average  diffusion 
coefficient  for  cobalt(II),  calculated  from  the  limiting  currents  of  the  four  voltammograms 
shown  in  Fig.  1,  is  (3.4  +  0,1)  x  lO’  cm^  s  '.  In  pure  melt,  i.e.,  melt  without  dissolved 
cobalt(II),  the  bulk  deposition  of  aluminum 

4AI2CI7-  +  3e-  ^  Al(s)  +  7AICI4-  [2] 

was  not  observed  unless  the  Pt-RDE  was  held  at  potentials  slightly  negative  of  0  V.  Thus, 
to  avoid  interference  from  this  process,  all  experiments  were  conducted  at  or  above  this 
potential. 
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At  lower  potentials,  each  of  the  voltammograms  in  Fig.  1  exhibits  an  increase  in 
current  due  to  the  co-deposition  of  aluminum  with  cobalt.  The  exact  potential  at  which  the 
onset  of  this  current  increase  takes  place  can  not  be  stated  due  to  the  imprecision  of  the 
voltammograms  shown  in  Fig.  1,  but  it  does  seem  to  depend  on  the  cobalt(II)  concentration, 
commencing  between  0.40  and  0.35  V  in  the  5.00  mmol  L”'  solution  and  between  0.35  and 
0.30  V  in  the  50.0  mmol  solution,  A  similar  rise  in  current  due  to  the  co-deposition  of 
aluminum  with  nickel  is  seen  at  about  0.40  V  during  the  reduction  of  nickel(II)  on  glassy 
carbon  in  acidic  AlClj-MeEtimCl.  However,  the  onset  of  aluminum  co-deposition  and  the 
potential  at  which  the  nickel(II)  reduction  reaction  becomes  limited  by  mass-transport 
coincide  (c/.  Fig.  2,  ref  8).  Thus,  in  that  case,  the  voltammograms  do  not  exhibit  a  well- 
defined  limiting  current. 

For  convenience,  the  co-deposition  of  aluminum  with  cobalt  can  be  represented  by 
the  following  reaction 

xCo^^solv)  +  4(l-jr)Al2Cl7' +  (3-x‘)e'  ^  COxAl,.,t  +  7(l-:\r)AJCl4'  [3] 

where  x  and  l-x  represent  the  mole  fractions  of  Co  and  A1  in  the  Co-Al  alloy,  i.e.,  Co^Alj.x 
.  The  value  of  l-x  was  estimated  from  each  of  the  Pt-RDE  voltammograms  in  Fig.  1  with  the 
following  expression 


l-jr=l/[l  +  1.5/7(/,-/,)]  [4] 

where  /,  is  the  limiting  current  for  the  reaction  in  Eq.  1,  and  /,  is  the  total  current  at  potentials 
where  the  reaction  in  Eq.  3  is  observed.  Plots  of  \-x  versus  potential  that  resulted  from  these 
calculations  are  presented  in  Fig.  2.  These  graphs  show  that  l-x  is  dependent  upon  both  the 
cobalt(II)  concentration  and  the  applied  potential.  However,  the  alloy  composition  becomes 
nearly  independent  of  both  variables  as  the  potential  is  decreased  with  l-x  approaching  ~  0.62 
(62  atomic  %  Al)  at  0  V.  This  behavior  indicates  that  the  aluminum  co-deposition  process 
is  kinetically  limited,  i.e.,  the  co-deposition  of  aluminum  can  not  keep  pace  with  the  mass- 
transport-controlled  deposition  of  cobalt,  except  at  very  negative  potentials. 

Thin-laver  Deposition-Stripping  Experiments 

The  composition  and  structure  of  Co-Al  alloy  electrodeposits  were  examined  further 
by  carrying  out  anodic  linear  sweep  voltammetry  (ALSV)  deposition-stripping  experiments 
at  a  Pt-RRDE.  These  experiments  were  similar  in  principle  to  those  described  by  Andricacos 
and  coworkers’^  *'*  in  which  a  thin-layer  alloy  film  is  electrodeposited  on  a  RRDE  under 
controlled-potential  conditions  in  a  plating  solution  and  then  anodically  dissolved  from  the 
disk  electrode  in  a  suitable  stripping  solution  with  slow  scan  ALSV.  During  the  anodic 
dissolution  step,  the  ring  electrode  potential,  is  held  at  a  value  that  results  in  the  oxidation 
of  the  metal  ions  of  one  of  the  alloy  components  produced  at  the  disk.  For  example,  during 
the  anodic  dissolution  of  Ni-Fe  alloys,  both  iron(II)  and  nickel(II)  are  produced  at  the  disk 
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electrode,  and  is  set  to  a  value  where  iron(ll)  is  oxidized  to  iron(III).  Because  nickel(II) 
can  not  be  oxidized  within  the  potential  window  of  the  solvent,  the  oxidation  waves  that 
correspond  to  the  dissolution  of  iron  from  the  alloy  deposit  can  be  identified  by  observing  the 
ring  current  as  a  function  of  the  disk  potential/^  The  alloy  composition  can  be  calculated 
from  the  ring  and  disk  charges,  ft  and  Q.,,  respectively,  and  knowledge  of  the  experimental 
collection  efficiency,  of  the  RRDE  electrode. 

In  the  present  case,  neither  aluminum(III)  or  cobalt(II),  the  Co-Al  alloy  dissolution 
products,  can  be  oxidized  within  the  potential  window  of  the  melt.  However,  as  discussed 
above,  it  is  possible  to  carry  out  the  mass-transport-limited  reduction  of  cobalt(II)  without 
electrodepositing  either  Co-AI  alloy  or  bulk  aluminum.  Thus,  by  setting  to  0.500  V,  it 
should  be  possible  to  reduce  any  cobalt(II)  produced  during  anodic  dissolution  of  the  Co-Al 
alloy  at  the  ring,  permitting  identification  of  those  alloy  stripping  waves  that  have  a  current 
component  arising  from  the  oxidation  of  cobalt.  Before  the  proposed  method  can  be 
employed,  r^ust  be  known,  and  its  value  must  be  in  reasonable  accord  with  theoretical 
predictions.  Therefore,  collection  experiments  were  carried  out  by  electrodepositing  cobalt 
metal  on  the  disk  electrode  at  a  deposition  potential  of  0.500  V  in  a  solution  of  cobalt{II) 
with  the  ring  electrode  inactive.  The  cobalt  was  then  anodically  dissolved  from  the  disk  in 
pure  melt  with  slow  scan  (0.002  V  s"')  ALSV  while  the  ring  was  held  at  0.50  V.  These 
experiments  yielded  a  value  of  A^exp  =  0-221;  this  result  is  in  excellent  agreement  with  the 
theoretical  collection  efficiency  of  0.220  for  this  electrode,  which  was  calculated  from  r^,  r^, 
and  r,.” 

In  view  of  these  very  favorable  results,  a  series  of  ALSV  experiments  were  carried  out 
at  the  Pt-RRDE  over  the  range  of  deposition  potentials  where  the  formation  of  Co-Ai  alloy 
is  expected,  i.e.,  from  0.400  to  0  V.  In  these  experiments,  425  mC  cm’^  electrodeposits  were 
produced  on  the  disk  electrode  in  a  5.00  mmol  L  '  solution  of  cobalt{II).  During  a  previous 
a  study  of  Ni-Al  alloys,  the  deposit  composition  was  found  to  depend  on  the  charge  density. 
This  phenomenon  is  believed  to  arise  from  the  thermodynamic  instability  of  aluminum  in  the 
alloy  in  solutions  of  nickel(II).  The  Co-Al  alloy  was  found  to  display  similar  instability  in 
cobalt(II)  solutions,  and  a  minimum  charge  density  of  ca.  325  mC  cm'^  was  needed  to  obtain 
Co-Al  deposits  of  constant  composition.  The  electrode  was  then  transferred  to  pure  melt,  and 
the  Co-Al  electrodeposit  was  slowly  oxidized  from  the  disk  electrode  as  described  above  for 
the  collection  experiments. 

Typical  voltammograms  illustrating  the  disk  and  corrected  ring  currents  that  resulted 
from  several  of  these  experiments  are  shown  in  Figs.  3  and  4.  For  deposits  produced  at  0.400 
V,  the  major  feature  of  the  disk  voltammogram  was  a  wave  with  an  anodic  peak  potential, 
E  ^  of  0.93  V.  The  large  ring  current  that  was  observed  as  the  disk  potential  was  scanned 
tlu-ough  this  stripping  wave  indicates  that  a  major  component  of  the  current  arises  from  the 
oxidation  of  cobalt  in  the  deposit.  However,  the  charge  corresponding  to  this  wave  was 
slightly  larger  than  the  corrected  ring  charge,  QJN^  indicating  that  some  of  the  current  must 
be  due  to  the  oxidation  of  aluminum.  For  the  deposit  prepared  at  0.300  V,  the  disk  voltam- 
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mogram  (Fig.  3)  revealed  oxidation  waves  with  £p“  =  0.83  and  0.55  V,  respectively.  A  ring 
current  was  associated  with  the  former  but  not  the  latter,  indicating  that  the  wave  at  0.55  V 
must  arise  from  the  selective  dealloying  of  aluminum.  The  disk  voltammograms  correspond¬ 
ing  to  the  0.200,  0.100,  and  0  V  deposits  (Fig.  4)  were  similar  in  appearance  to  that  of  the 
0.300  V  deposit,  except  that  the  aluminum  wave  was  shifted  to  =  0.67  V  in  the  case  of 
the  0.200  V  deposit  and  appeared  at  £p*  =  0,63  and  0.56  V  in  the  voltammograms  of  the 
0.100  and  0  V  deposits,  respectively.  A  small  amount  of  aluminum  was  also  oxidized  from 
each  of  these  deposits  at  potentials  proximate  to  the  oxidation  of  cobalt. 

These  shifts  in  the  position  of  the  aluminum  stripping  wave  indicate  that  the  activity 
of  aluminum  in  the  alloy  is  changing  with  the  aluminum  content  of  the  alloy.  However,  it  is 
unclear  why  aluminum  dissolution  occurs  at  two  different  potentials.  If  one  assumes  that  the 
deposit  is  two  phase  and  that  the  second  dissolution  is  due  to  aluminum  contained  in  a  cobalt- 
rich  phase,  then  the  two  phases  cannot  be  in  equilibrium  because  the  aluminum  activity  must 
be  different  in  each  phase.  Alternatively,  the  aluminum  associated  with  the  second  dissolution 
process  may  simply  be  inaccessible  to  oxidation  until  some  dissolution  of  cobalt  occurs.  The 
negative  shift  in  the  cobalt  stripping  wave  associated  with  alloyed  deposits  may  then  be  due 
to  the  more  favorable  dissolution  kinetics  of  a  porous  cobalt  layer  over  that  of  a  pure, 
compact  deposit.’^ 

The  characteristics  of  anodic  linear  sweep  voltammograms  for  the  dissolution  of  an 
alloy  deposit  are  very  sensitive  to  the  composition  and  structure  of  the  deposit.  Theoretical 
and  experimental  studies  have  attempted  to  correlate  peak  shape  and  location  with  the  type 
of  alloy  that  is  electrodeposited.'^’’^  However,  a  detailed  analysis  of  the  voltammograms  in 
Figs.  3  and  4  beyond  that  given  here  would  be  purely  speculative  without  reliable  information 
about  the  phase  distribution  in  Co-AI  alloys  containing  up  to  62  atomic  %  aluminum. 

The  alloy  composition  (1-x)  as  a  function  of  deposition  potential  was  calculated  from 
A,,(pand  the  values  of  and  that  resulted  from  numerous  experiments  similar  to  those 
described  above  by  using  the  following  expression 

l-x=l/{l  +  1.5[a/(Ac.p0,-a)]}  [5] 

The  resulting  values  of  1-x  are  plotted  as  a  function  of  potential  in  Fig.  2,  and  they  are  in  very 
good  agreement  with  the  values  of  1-x  derived  from  the  Pt-RDE  voltammetric  currents 
observed  in  a  5.00  mmol  cobalt(II)  solution. 

Preparation  and  Characterization  of  Bulk  Alloy  Electrodeposjts 

Bulk  electrodeposits  were  prepared  on  1-mm  copper  wire  electrodes  at  potentials 
ranging  from  0.400  to  0  V  in  a  50.0  mmol  L'*  solution  of  cobalt(II)  at  40  ”C.  During 
deposition,  the  solution  in  the  cell  was  agitated  with  a  small  Teflon-coated  stir  bar.  At  the 
conclusion  of  each  experiment,  the  copper  electrode  was  rinsed  with  dry  benzene  to  remove 
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residual  melt.  A  charge  density  of  60  C  cm”^  was  used  to  prepare  each  deposit.  This  should 
result  in  a  deposit  thickness  of  20  pm,  assuming  100  %  current  efficiency  for  cobalt.  The 
surface  morphology  of  these  electrodeposits  is  shown  in  Fig.  5.  The  as-deposited  surface 
morphology  showed  significant  variations  as  a  function  of  deposition  potential.  For  example, 
deposits  prepared  at  0.400  V  (Fig.  5a)  were  fairly  rough,  consisting  of  nodules  on  the  order 
of  10-20  pm  in  diameter.  At  higher  magnification,  these  nodules  seemed  to  be  multifaceted, 
revealing  their  crystallographic  nature.  EDS  analysis  of  these  deposits  indicated  that  they 
were  pure  cobalt  and  free  of  chloride.  In  contrast,  smooth,  spherical  nodules  were  also 
occasionally  observed.  These  nodules  have  an  appreciable  chloride  content  and  were  the 
likely  remnants  of  electrolyte  trapped  within  the  nodular  structure.  Figure  5b  shows  that 
deposits  produced  at  0.200  V  were  very  dense  and  fine-grained.  Interestingly,  nucleation 
appeared  to  follow  a  longitudinal  pattern  associated  with  surface  defects  on  the  drawn  copper 
wire.  For  deposits  prepared  at  0.100  V  (Fig.  5c),  a  nucleation  pattern  similar  to  that  seen  in 
the  0.200  V  deposit  was  observed;  however,  the  features  are  much  larger  and  each  nodule  has 
a  round,  smooth  appearance.  This  nodule  morphology  was  quite  similar  to  that  observed  in 
amorphous  Mn-AI  electrodeposits.’*  The  darker  regions  between  the  rows  of  nodules  have 
a  high  chloride  content  and  were  extensively  cracked.  Again  this  is  likely  to  be  due  to  the 
inter-nodular  entrapment  of  electrolyte.  Electrodeposits  prepared  at  0  V  had  the  visual 
appearance  of  a  loosely  adherent,  fine  black  powder,  which  is  clearly  seen  in  Fig.  5d. 

Polished  cross-sections  of  these  deposits  were  prepared  and  compositions  were 
determined  by  EDS.  All  of  the  deposits,  except  that  prepared  at  0  V,  yielded  cross-sections 
of  sufficient  quality  that  the  compositions  could  be  determined  quantitatively;  i.e.,  the  deposits 
were  free  of  contaminants  such  as  chloride,  and  the  volume  examined  was  sufficiently  large 
so  that  the  copper  substrate  and  overplate  did  not  interfere  with  the  analysis.  The 
composition  results  are  shown  in  Fig.  6.  Electrodeposits  prepared  at  0.400  and  0.300  V 
consisted  of  pure  cobalt.  The  total  x-rays  detected  from  the  EDS  analysis  was  97.5%  of  that 
obtained  from  the  pure  cobalt  standard,  indicating  that  the  deposit  density  was  close  to  that 
of  the  metallurgical  standard.  In  contrast  to  the  thin-layer  voltammetric  results  presented 
above,  aluminum  was  first  detected  in  bulk  electrodeposits  prepared  at  0.200  V.  It  is 
presently  unclear  whether  the  reduced  nodule  size  of  this  sample  (compare  Figs.  5a  and  5b) 
resulted  from  the  addition  of  aluminum  or  was  a  natural  consequence  of  the  lower  deposition 
potential.  The  value  of  1-x  increased  to  about  0.16  for  deposits  produced  at  0.100  V.  In 
addition,  the  deposit  density,  based  on  the  total  x-rays  detected,  dropped  to  about  85  %  of 
theoretical  relative  to  the  pure  cobalt  and  aluminum  standards,  indicating  either  a  decrease  in 
the  density  or  an  increase  in  the  deposit  porosity  at  the  lower  deposition  potentials.  In  cross- 
section,  the  deposit  formed  at  0  V  appeared  as  clusters  of  0.5-1 .0  pm  size  islands  of  Co-Al 
in  a  copper  matrix  (overplate).  Quantitative  analysis  could  not  be  performed  on  these  samples 
due  to  the  small  volume  of  Co-Al  alloy  as  compared  to  the  EDS  excitation  volume. 
Consequently,  a  copper-free  analysis  could  not  be  made;  however,  a  comparison  of  only  the 
cobalt  and  aluminum  signals  suggested  that  \-x  is  on  the  order  of  0.20-0.25  for  this  deposit. 
This  is  likely  to  be  a  low  estimate  of  the  aluminum  content. 
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The  x-ray  diffraction  patterns  for  electrodeposits  formed  at  potentials  ranging  from 
0  to  0.400  V  are  shown  in  Fig.  7,  Several  structural  changes  were  observed  as  the  deposition 
potential  was  decreased.  At  0.400  V,  the  deposit  was  clearly  hexagonal  close-packed  (hep) 
cobalt.  The  absence  of  the  (200)  reflection,  which  should  appear  at  51.5  ”,  suggested  that 
there  was  no  face-centered  cubic  (fee)  cobalt  present  in  the  deposit.  At  lower  deposition 
potentials,  the  reflections  for  hep  cobalt  shifted  to  lower  values  of  20  and  became  somewhat 
broader.  At  0  V,  the  electrodeposit  was  entirely  amorphous.  In  addition,  reflections  due  to 
the  copper  substrate  ((111)  at  43.3  °,  (200)  at  50.4”,  etc.))  began  to  appear  in  the  deposit 
prepared  at  0.300  V  and  increased  in  intensity  as  the  deposition  potential  was  lowered.  This 
implies  that  the  deposits  became  thinner  or  that  the  average  atomic  weight  became  reduced 
as  the  potential  was  decreased.  Both  of  these  changes  would  be  expected  to  occur  as  more 
aluminum  is  incorporated  into  deposits  of  equal  charge  density.  However,  the  fact  that  the 
copper  substrate  was  seen  in  the  0.300  V  deposit  that  contained  no  appreciable  aluminum 
suggests  that  the  appearance  of  the  substrate  reflections  was  not  due  to  chemical  changes  in 
the  film,  but  to  nonuniform  morphology  and  thickness  between  samples. 

Figure  8  shows  the  lattice  parameters  obtained  from  the  diffraction  patterns  in  Fig.  7 . 
The  Nelson-Riley  technique  was  used  to  determine  the  lattice  parameters  in  order  to  eliminate 
systematic  errors  such  as  sample  displacement.^^  These  results  indicate  that  both  hep  lattice 
parameters  were  near  their  equilibrium  values  at  a  deposition  potential  of  0.400  V  and 
increased  as  the  deposition  potential  was  reduced,  suggesting  that  the  alloying  of  hep  cobalt 
was  taking  place.  An  overall  lattice  volume  expansion  of  0.71  %  was  observed  over  the  range 
of  deposition  potentials  examined. 

The  x-ray  diffraction  patterns  in  Fig.  7  show  that  the  hep  cobalt  reflections  became 
broader  as  the  deposition  potential  was  reduced.  The  Scherrer  equation^®  can  be  used  to 
estimate  the  grain  size  for  electrodeposited  cobalt  from  the  full-width  at  half-maximum 
(FWHM).  This  grain  size  must  be  viewed  as  a  lower  limit  because  the  treatment  fails  to 
consider  microstrain,  which  can  be  appreciable  in  electrodeposits.  Figure  9  is  a  plot  of  the 
grain  size,  calculated  from  three  fundamental  reflections,  as  a  ftmetion  of  deposition  potential. 
The  data  in  this  figure  show  that  the  average  grain  size  drops  significantly  with  decreasing 
deposition  potential.  Because  the  crystallographic  grain  size  is  expected  to  be  inversely 
proportional  to  nucleation  density,  the  observed  decrease  in  grain  size  was  consistent  with 
electrocrystallization  theory  that  predicts  a  higher  nucleation  density  with  increased 
overpotential.  The  grain  refinement  observed  in  the  x-ray  diffraction  patterns  may  also  result 
from  the  addition  of  aluminum  to  the  cobalt. 

The  equilibrium,  room-temperature  structure  of  cobalt  is  hep.  At  temperatures 
between  422  and  1495  ”C,  the  fee  high-temperature  variant  is  stable.^^  The  free  energy 
difference  of  these  two  structures  is  quite  small;  consequently,  the  fee  structure  can  be 
retained  at  room  temperature  by  rapid  solidification.^^  Electrodeposition  from  aqueous 
electrolytes  has  also  been  used  to  form  both  structures  at  room  temperature. The 
microstructure  of  electrodeposits  produced  from  low  pH  (-1.6)  electrolytes  consists  of 


Electrochemical  Society  Proceedings  Volume  96-7 


44 


highly-faulted  fee  regions;  at  higher  pH  (~5.7),  the  hep  phase  is  formed  and  the  fault  density 
is  greatly  redueed.^^  It  has  been  proposed  that  the  formation  of  fee  eobalt,  most  likely  in  the 
form  of  a  metastable  hydride,  is  faeilitated  by  the  adsorption  and  subsequent  ineorporation 
of  atomie  hydrogen  into  the  eleetrodeposit,^®  The  absenee  of  fee  eobalt  in  eleetrodeposits 
produced  from  AlClj-MeEtimCl  melts  supports  this  notion  of  the  hydride  assisted  deposition 
of  the  fee  phase.  Though  it  is  suspected  that  the  proton  content  of  these  melts  can 
significantly  alter  the  deposit  morphology,  its  effect  on  crystallographic  structure  has  not  been 
investigated.  In  any  case,  the  level  of  reducible  protonic  impurities  was  very  low  in  the  melt 
used  for  this  investigation. 

The  room  temperature  solubility  of  aluminum  into  hep  cobalt  is  quite  small, 
significantly  less  than  0.5  atomic  For  aluminum  compositions  above  this  solubility  limit 
and  extending  to  42  atomic  %  aluminum,  a  two  phase  field  consisting  of  hep  cobalt  and 
ordered  bcc  Co-Al  (CsCl-type)  exists.  Aluminum  has  a  much  higher  solubility  in  fee  cobalt, 
and  an  equilibrium  solubility  as  high  as  16  atomic  %  can  be  achieved  at  1400  C.  Rapidly 
cooled  alloys  containing  5  to  16  atomic  %  aluminum  often  retain  the  fee  structure  over  the 
two  phase  hcp-bcc  equilibrium  structure.^^^  However,  a  martensitic  transformation  to  an  hep 
structure  has  been  reported  in  this  composition  range  for  alloys  quenched  from  1300  to  -196 
The  hep  structure  is  formed  by  the  periodic  introduction  of  stacking  faults  in  the 
close-packed  { 1 1 1 }  fee  layers.  Four  martensitic  hep  phases,  each  having  a  different  stacking 
fault  periodicity  have  been  identified.^*' 

The  development  of  the  x-ray  diffraction  patterns  of  the  Al-Co  eleetrodeposits  with 
lower  deposition  potentials  indicates  that  the  addition  of  aluminum  to  the  alloy  causes  a 
decrease  in  the  deposit  grain  size  and  an  increase  in  the  hep  lattice  volume.  A  further  increase 
in  the  aluminum  content  results  in  amorphization  of  the  deposit.  Because  the  equilibrium 
phase  diagram  predicts  a  two  phase  terminal  hep-ordered  bcc  structure,  the  electrodeposit  is 
clearly  metastable  over  the  entire  composition  range  examined. 

When  considering  non-equilibrium  processing  methods,  one  can  often  gain  a  better 
understanding  of  phase  development  by  comparing  the  free  energy  of  the  possible  metastable 
structures  over  the  composition  range  of  interest.  The  free  energy-composition  curves  for  the 
Co-Al  system  at  40  ”C  were  calculated  using  the  constitutive  equations  from  Kaufman  et 
ai  31,32  ^  pjg  frgg  energy  for  the  amorphous  phase  was  assumed  to  be  that  of  the 

supercooled  liquid.  In  addition,  ordering  and  compound  formation  were  not  considered.  As 
a  consequence,  the  free  energy  of  equilibrium  Co-Al  (ordered  bcc)  will  be  somewhat  lower 
than  that  depicted  by  the  disordered  bcc  curve.  Clearly,  the  hcp-bcc  common  tangent 
minimizes  the  free  energy  over  most  of  the  composition  range  giving  rise  to  a  two-phase 
hcp-bcc  region  from  essentially  0  to  about  42  atomic  %  Al.  One  can  see  that  the  free  energy 
of  the  hep  and  fee  structures  are  quite  close,  with  the  fee  becoming  more  stable  for  alloy 
compositions  greater  than  about  4  atomic  %  aluminum.  This  stabilization  of  the  fee  st^cture 
with  the  addition  of  aluminum  is  seen  experimentally  in  rapidly  solidified  alloys.^^’^*'  Also 
apparent  in  the  free  energy  diagram  is  the  thermodynamic  stability  of  the  amorphous  phase 
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with  respect  to  the  hep  and  fee  structures  for  alloys  containing  greater  than  25  atomic  % 
aluminum.  If  nucleation  of  the  equilibrium  bcc  phase  were  kinetically  hindered,  one  might 
expect  the  formation  of  an  amorphous  phase  over  a  disordered  fee  or  hep  structure,  based  on 
these  calculations. 

We  have  experimental  evidence  for  the  deposition  of  an  hep  Co-Al  solid  solution  and 
an  amorphous  phase,  both  of  which  can  be  rationalized  thermodynamically.  What  is  not  clear 
is  the  extent  of  the  supersaturation  of  aluminum  in  the  hep  cobalt  and  the  composition  at 
which  the  amorphous  phase  first  nucleates;  i.e.,  does  the  amorphous  phase  co-exist  with  the 
supersaturated  hep  cobalt  or  replace  it  at  some  critical  aluminum  concentration?  We  know 
that  aluminum  substitutes  into  the  hep  lattice  causing  an  increase  in  the  lattice  volume  (Fig. 
8),  One  would  expect  such  an  increase  when  a  larger  aluminum  atom  substitutes  for  cobalt 
in  the  lattice.  The  lattice  volume  for  fee  cobalt  is  reported  to  increase  by  0. 17%  per  atomic 
%  A1  in  the  0-16  atomic  %  Al  composition  range. Exactly  how  much  aluminum  is  going 
into  the  hep  lattice  in  these  electrodeposited  alloys  is  unclear  because  lattice  parame¬ 
ter-composition  data  for  hep  Co-Al  is  not  available  in  the  literature.  Further,  the  measured 
alloy  compositions  cannot  be  associated  with  the  hep  phase  alone  unless  it  has  been 
established  that  these  deposits  are  single  phase. 

The  electrodeposits  containing  appreciable  aluminum  may  be  a  two  phase  mixture  of 
supersaturated  hep  cobalt  and  an  amorphous  phase  of  higher  aluminum  composition.  Such 
phase  development  has  been  reported  in  Mn-Al  alloys  electrodeposited  from  chloroaluminate 
electrolytes  at  150  At  low  manganese  concentrations  (less  than  5  atomic  %)  the  deposit 
is  single  phase,  supersaturated  fee  and  one  observes  a  linear  decrease  in  lattice  parameter  with 
increasing  manganese  content.  Above  5  atomic  %  manganese,  a  Mn-Al  amorphous  phase 
(nominally  Mn,,  ijAlo  g;)  co-deposits  with  fee  Al,  causing  a  dramatic  relaxation  in  the  fee 
supersaturation  and  an  increase  in  the  fee  lattice  parameter  to  that  of  a  1  atomic  %  manganese 
solid  solution.  One  can  clearly  determine  the  potential  (or  alloy  composition)  where  the 
deposit  becomes  two  phase  by  the  discontinuity  in  the  fee  lattice  parameter.  In  the  5  to  1 5 
atomic  %  manganese  composition  range,  a  metastable  two-phase  equilibrium  between  the  fee 
phase  and  the  amorphous  phase  is  established.  In  this  region,  the  fee  lattice  parameter  is 
invariant,  indicating  that  only  the  phase  distribution,  not  the  composition  of  each  phase,  is 
changing  with  overall  alloy  composition.  One  would  expect  this  type  of  behavior  from 
common  tangent  construction  in  the  two  phase  region.  The  15  atomic  %  manganese 
electrodeposit  is  entirely  amorphous.  If  a  metastable  two-phase  equilibrium  does  exist  in  the 
electrodeposited  Co-Al  alloys,  then  one  should  be  able  to  estimate  the  phase  distribution  from 
a  common  tangent  construction  of  the  hep  and  amorphous  free  energy  curves  in  Fig.  10.  Such 
a  construction  would  predict  an  hep  phase  containing  about  4  atomic  %  aluminum  in 
metastable  equilibrium  with  an  amorphous  phase  containing  about  46  atomic  %  aluminum. 
Applying  this  to  the  electrodeposits,  the  4  atomic  %  aluminum  deposit  would  be  single  phase 
hep,  whereas  in  the  16  atomic  %  deposit  the  amorphous  phase  would  co-exist  with  the  hep 
phase.  The  composition  of  the  hep  phase  in  each  alloy  would  be  identical.  Unfortunately,  our 
x-ray  data  does  not  support  this  scenario.  Under  the  conditions  of  a  two-phase  equilibrium. 
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one  would  not  expect  to  see  an  increase  in  the  hep  lattice  parameter  between  the  4  and  16 
atomic  %  aluminum  alloy,  Fig.  8. 

Alternatively,  the  phase  development  from  the  hep  to  the  amorphous  structure  may 
proceed  by  a  partitionless  or  near-partitionless  phase  transition.  Metastable  processing 
methods  with  very  high  effective  quenching  rates  are  generally  required  so  that  the 
partitionless  transformation  is  kinetically  favored  over  a  metastable  two-phase  equilibrium. 
Concentration  profiles  are  essentially  frozen  in  place  forcing  the  phases  to  evolve  locally 
without  the  aid  of  long  range  diffusion.^'*’^^  Partitionless  transformations  have  been  observed 
in  Zr-Al  alloys  produced  by  mechanical  alloying.^®  This  system  is  a  particularly  interesting 
example  because  zirconium,  like  cobalt,  is  hep  at  room  temperature  and,  at  equilibrium,  it 
accommodates  little  aluminum  in  solid  solution.  Alloys  containing  up  to  17  atomic  % 
aluminum  were  reported  to  be  single  phase  hep  with  the  zirconium  lattice  parameters 
decreasing  linearly  with  composition.  Above  17  atomic  %  aluminum,  the  alloys  were 
completely  amorphous.  It  was  concluded  that  the  continuous  decrease  of  the  lattice 
parameters  with  composition  up  to  the  point  at  which  full  amorphization  took  place  was  an 
indication  of  the  absence  of  a  two-phase  metastable  equilibrium  region.  Free  energy 
calculations  not  only  indicated  that  the  amorphous  structure  would  be  thermodynamically 
more  stable  than  the  alternative  polymorphs,  but  the  intersection  of  the  hep  and  amorphous 
free  energy  curves  indicated  that  the  partitionless  transition  would  occur  at  20  atomic  % 
aluminum,  quite  close  to  the  experimental  value. 

Qualitatively,  very  similar  phase  development  is  seen  in  the  electrodeposited  Co-Al 
alloys.  The  increase  in  the  hep  lattice  parameter  up  to  16  atomic  %  aluminum  suggests  that 
the  supersaturation  of  aluminum  into  hep  cobalt  extends  up  to  amorphization  and  that  a 
partitionless  transformation  takes  place  between  16  and  25  atomic  %  aluminum.  This  is 
reasonably  consistent  with  the  crossover  of  the  calculated  hep  and  amorphous  free  energy 
curves,  which  occurs  at  about  25  atomic  %  aluminum  (Fig.  10).  Quantitatively,  there  may 
be  problems  applying  a  partitionless  mechanism  to  the  electrodeposited  Co-Al  data.  The 
lattice  volume  for  an  ideal,  Co-Al  hep  solid  solution  would  increase  by  about  8  %  when  the 
aluminum  composition  is  increased  fi'om  0  to  16  atomic  %.  Over  this  composition  range,  the 
lattice  volume  of  the  electrodeposited  alloys  increases  by  only  0.71  %.  Though  ideal  behavior 
is  certainly  not  expected,  a  lattice  expansion  that  is  an  order  of  magnitude  less  than  the  ideal 
case  does  suggest  that  not  all  of  the  aluminum  is  going  into  the  hep  solid  solution.  It  appears 
that  a  more  thorough  structural  study  will  be  required  to  resolve  this  issue. 
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Figure  1 .  Voltammograms  recorded  point- 
by-point  at  a  Pt-RDE  for  the  reduction  of 
Co(II)  in  the  60.0-40,0  m/o  melt.  The 
Co(II)  concentrations  were  (•)  5.00,  (■) 
10.0  ,  (A)  25.0  ,  and  (♦)  50.0  mmol  L  ’. 
Also  shown  is  a  voltammogram  recorded 
in  pure  melt  before  the  addition  of  Co(ll) 
(T).  The  angular  velocity  of  the  electrode 
was  104.7  rad  s'*. 


Figure  2.  Alloy  composition  as  a  function 
of  potential  as  derived  from  the  RDE 
voltammetric  currents  in  Fig.  1  by  using 
Eq.  4.  The  Co(II)  concentrations  were 
(•)  5.00,  (■)  10.0,  (A)  25.0,  and  (♦) 
50.0  mmol  L"*.  Also  shown  are  the  results 
of  ALSV-RRDE  experiments  (O). 


Figure  3.  Disk  and  ring  voltammograms 
recorded  during  the  oxidation  of  thin-layer 
Co-Al  electrodeposits  from  a  Pt-RRDE  in 
pure  60.0-40.0  melt.  These  deposits  were 
produced  with  a  charge  density  of  425  mC 
cm"^  in  melt  containing  5.00  mmol  L"‘  M 
Co{II)  at  the  following  deposition  poten¬ 
tials;  {—)  0.400,  (-  -)  0.300,  and  (-) 
0.200  V.  During  stripping,  the  disk  elec¬ 
trode  was  scanned  at  0.002  V  s'*,  and  E, 
was  held  at  0.500  V.  The  angular  velocity 
of  the  RRDE  was  104.7  rad  s"*. 
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Figure  4,  Disk  and  ring  voltammograms 
recorded  during  the  oxidation  of  thin-layer 
Co-Al  electrodeposits  from  a  Pt-RRDE  in 
pure  60.0-40.0  melt.  The  deposits  were 
prepared  as  described  in  Fig.  3  at  the  fol¬ 
lowing  deposition  potentials:  ( — )  0.200, 
(_  _)  0.100,  and  (•••)  0  V.  The  stripping 
conditions  were  the  same  as  those  used  to 
produce  Fig.  3. 


Figure  5.  SEM  micrographs  of  bulk  Co 
and  Co-Al  alloy  electrodeposits  on  a  cop¬ 
per  wire  substrate.  These  deposits  were 
produced  in  a  50.0  mmol  L''  solution  of 
Co(II)  in  60.0-40.0  m/o  melt  at  40  X. 
The  deposition  potentials  were  (a)  0.400  , 
(b)  0.200,  (c)  0.100,  and  (d)  0  V. 


Figure  6.  Co-Al  alloy  composition  as  a 
function  of  deposition  potential  for  the 
electrodeposits  described  in  Fig.  5. 


m 


Figure  7.  XRD  patterns  (Cu-Ka)  of  the 
electrodeposits  described  in  Fig,  5.  The 
deposition  potentials  were  (a)  0,  (b) 
0.100,  (c)  0.200,  (d)  0.300,  and  (e)  0.400 
V.  The  dashed  vertical  lines  represent  the 
reflections  for  pure  hep  cobalt,  JCPDS 
card#  5-0727.  The  reflections  due  to  the 
copper  wire  substrate  are  denoted  by  the 
heavy  tic  marks  on  the  20  axis. 
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Figure  8.  Lattice  parameters  of  electrode- 
posited  hep  cobalt  as  a  function  of  deposi¬ 
tion  potential  taken  from  the  diffraction 
patterns  shown  in  Fig.  7;  (•)  and  (■) 
Co. 


£{V)vtr504Al/A[(in) 

Figure  9.  Estimated  grain  size  of  electro- 
deposited  hep  cobalt  as  a  function  of  depo¬ 
sition  potential  calculated  from  the  diffrac¬ 
tion  patterns  shown  in  Fig.  7.  Grain  size 
was  estimated  from  the  peak  broadening  of 
the  (•)  (100),  (■)  (002),  and  (A)  (101) 
reflections  using  the  Scherrer  equation.^" 


Figure  10.  Calculated  free  energy  of  for¬ 
mation  diagram  for  the  Co-Al  system  at  40 
°C  using  liquid  cobalt  as  the  reference 
state.  The  constitutive  equations  of  Kauf¬ 
man  et  al.^‘’^^  were  used  in  the  calcula¬ 
tions. 
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ABSTRACT 


Flemion  is  a  perfluorocarboxylated  polymer  somewhat  similar  to  Nafion  and  is 
widely  used  in  the  chlor-alkali  industry  as  the  separator  between  anolyte  and  catholyte 
compartments  of  the  electrolysis  cell.  The  structure  of  Flemion  was  altered  by  converting 
the  methylester  functional  group  to  an  acyl  group  and  then  acylating  the  benzene  ring  o 
either  dibenzo- 18-  cr-6  ether  or  benzo- 1 8-cr-6  ether  under  FnedeFCrafts  conditions, 
thereby  attaching  the  crown  ether  to  the  Flemion  as  a  "pendent The  bonded  crown  ether 
was  then  complexed  with  alkali  metal  halides  to  produce  a  solid  electrolyte  with  mobi  e 
anions.  Fluorescence  spectroscopy,  near  IR  spectroscopy,  mid  IR  spectroscopy,  U  - 
Visible  spectroscopy  and  chemical  analysis  were  used  to  assay  the  various  reactions.  A 
combination  of  fluorescence  spectroscopy  and  near  IR  spectroscopy  allowed  us  to 
unambiguously  decide  whether  crown  ethers  were  bonded  to  the  membrane,  dissolved  m 
the  membrane,  or  both. 


INTRODUCTION 

Flemion  [  1  ]is  a  perfluorocarboxylated  polymer  membrane  which  is  prepared  by 
copolymerizing  tetrafluoroethylene  and  carboxylated  perfluorovmyl  ether  [2,3].  Flemion  is 
manufactured  by  Asahi  Glass  Ltd.  of  Japan.  The  chemical  formula  for  Flemion  is: 


-(CF2-CF2)x“(CF2- 


CF) 

OCFVcF)m-(CF2)n-COOCH3 

CF3 


where  m  is  0  or  1  and  n  has  values  between  1  and  5.  The  average  molecular  weight  of  a 
methylester  containing  unit  of  Flemion  is  approximately  700  amu.  The  methylester  group 
on  the  Flemion  is  readily  hydrolyzed  to  a  carboxylic  acid.  The  carboxylic  acid  form  of 
Flemion  is  widely  used  in  the  chlor-alkali  industry  as  the  membrane  separating  the  anodic 
and  cathodic  compartments  of  chlor-alkali  cells  because  of  its  chemical  inertness,  its 
cationic  conductivity  in  aqueous  media,  and  its  ability  to  reject  anions  such  as  Cl  and  OH  . 
The  reason  anions  cannot  readily  pass  through  the  membrane,  but  cations  can,  is  that,  in 
aqueous  media,  especially  at  high  pH,  the  carboxylic  acid  is  partially  dissociated  leaving  a 
negatively  charged  pendant  group  which  repels  other  negative  charges  while  allowing 
positively  charged  species,  such  as  Na+  ions,  to  hop  from  site  to  site  within  the  membrane. 
However,  when  completely  or  nearly  completely  dry,  neither  the 

Flemion  (Fl-COOH)  nor  the  sodium  salt  of  the  carboxylated  Flemion  (Fl-COONa)  exhibit 


high  ionic  conductivity. 
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There  are  many  potential  applications  for  a  material  with  properties  similar  to 
Fl-COOH,  but  which  conducts  anions  such  as  Cl'  and  OH'  and  rejects  cations.  Among 
the  more  intriguing  of  these  applications  is  as  the  separator  in  the  AI/CI2 
methylethylimidazolium  chloride- AICI3  batteiy  [4]  and  in  the  production  of  a  Na2S04  salt 
splitter  using  both  the  anionic  and  cationic  conducting  forms  of  Flemion  [5,6].  Therefore, 
the  principal  objective  of  our  Flemion  research  was  to  corivert  it  to  an  anion  conducting 
membrane,  while  still  retaining  its  other  desirable  properties.  This  objective  was  achieved 
by  hanging  a  positively  charged  pendant  group  on  the  Teflon  backbone  rather  than  a 
negatively  charged  species. 

The  approach  taken  for  introducing  a  positively  charged  species  was  to  attach  a 
crown  ether  (CE)  as  the  pendent  group  hanging  from  the  polymer  chain  and  then 
complexing  the  CE  with  an  alkali  metal  halide,  the  assumption  being  that  the  alkali  metal 
ion  would  lock  in  the  crown  and  the  halide  would  carry  the  current.  This  approach  differs 
from  that  used  in  the  fabrication  of  Neosepta  in  which  a  basic  nitrogen  group  is  the  pendent 
and  this  group  acquires  a  positive  charge  by  bonding  to  a  proton  in  acidic  rnedia.  In  an 
earlier  study,  we  were  able  to  bond  dibenzo-18-cr-6-ether  (DBCE)  to  Flemion,  using  a 
series  of  reactions,  the  last  one  of  which  was  a  Friedel-Crafts  acylation  of  the  benzene  ring 
of  DBCE  using  the  ambient  temperature  molten  salt,  pyridinium  hepatachloroaluminate,  as 
both  the  reaction  medium  and  as  a  Friedel-Crafts  catalyst.  The  bonded  DBCE  was  then 
complexed  it  with  LiCl  [6].  We  found  that  this  material  was  a  solid  electrolyte,  with  an 

electrical  conductivity,  k,  equal  to  1.3  x  lO'^  S/cm.  This  conductivity  was  only  an  order 
of  magnitude  lower  than  that  of  the  lithium  chloride  salt  of  DBCE  which  was  shown  to  be 
a  fast  ion  conductor  in  the  solid  state  with  the  mobile 

species  being  the  Cl'  ion  [7,8].  Although  the  transport  numbers  of  the  membrane  were 
not  measured,  the  assumption  was  that  the  Cl'  ions  and  not  the  Li"*"  ions  were  mobile. 

In  the  FI-DBCE  study  [6]  and  again  in  this  study,  indications  were  that  an  ether 
was  bonded  to  only  about  5%  of  the  possible  sites  on  the  Flemion,  although  the  evidence 
was  inconclusive.  A  possible  reason  for  this  was  that,  in  the  molten  salt,  the  Flemion 
formed  channels  which  were  blocked  or  clogged  by  the  large  DBCE  and  the 
C5H6NAI2CI7.  It  is  known  that  Nafion  forms  channels  in  aqueous  media  [9,10]  and 
direct  evidence  for  channel  formation  in  Flemion  using  transmission  electron  microscopy 
has  been  found  and  will  be  reported  on  elsewhere.  In  the  present  study,  we  used  BF3  m 
ether  as  the  F-C  catalyst  and  both  DBCE  and  benzo-18-cr-6-ether  (BCE)  as  pendent 
groups.  The  assumption  being  that  the  Fl-BCE  -  LiCl  complex  would  have  properties 
similar  to  those  of  the  Fl-DBCE-LiCl  complex,  but  because  of  the  smaller  size  of  both  the 
catalyst  and  BCE,  we  would  be  able  to  bond  more  CE  s  to  the  Flemion.  However, 
ascertaining  the  extent  to  which  the  CE  bonded  to  the  Flemion  remained  troublesome  so  we 
set  out  to  develop  analytical  techniques  to  assay  the  extent  of  the  various  reactions  and 
changes  in  membrane  morphology  that  resulted  from  these  reactions.  The  techniques  use 
were  FTIR  and  near  IR  spectroscopy.  Fluorescence  spectroscopy,  UV-Vis  spectroscopy, 
mercuric  nitrate  titration,  and  weighing  the  polymer  coupons  before  and  after  each  reaction, 
but  the  technique  that  proved  most  interesting,  and  the  technique  we  report  on  here,  was 
near  IR  spectroscopy. 
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EXPERIMENTAL  DETAILS 

Flemion  sheet,  which  was  0.145  mm  thick,  was  supplied  by  Asahi  Glass  Ltd. 
Coupons  of  this  material,  usually  between  3  and  8  cm^  were  used  for  most  of  the 
experiments.  The  Flemion  was  converted  to  FI-COOH  by  immersing  the  coupon  first  m 
50  w%  NaOH  for  16  hrs  at  90  and  then  soaking  it  in  1  M  HCl  for  24  hrs  at  room 
temperature  The  Fl-COOH  was  then  converted  to  the  acyl  containing  Flemion,  FlCOCl, 
by  rkuxing  the  coupon  in  SOCI2  for  16  hrs.  The  coupons  of  Fl-COCl  were  rinsed  in 
diethyl  ether  to  remove  excess  SOCI2.  One  coupon  of  this  material  served  as  a  "standard" 

It  was  immersed  in  a  known  quantity  of  de  ionized  water  and  allowed  to  shake  in  a 
continuous  rotation  tumbler  for  24  hrs.  The  purpose  of  this  step  was  to  convert  all  acyl 
groups  back  to  carboxylic  acid  and  HCl.  The  HCl  released,  was  titrated  using  a  standard 
mercuric  nitrate  titration  (CAWW  method  325.3)  [11],  The  moles  of  HCl  equaled  the  inoles 
of  acyl  groups  in  the  membrane.  The  Fl-COCl  coupons  were  next  refluxed  m  40  of 
BF3/ether  to  which  approximately  0.2  g  of  crown  ether,  CE,  had  been  added,  for  16  hrs. 
Upon  completion  of  the  reflux,  the  coupons  were  each  immersed  in  a  known  quality  of 
dionized  water  to  convert  any  unreacted  acyl  groups  to  -COOH  and  HCl.  The  HCl  was 
then  titrated  as  before.  It  was  assumed  that  the  difference  between  the  number  of  acyl 
groups  in  the  standard  coupon  and  the  number  of  unreacted  acyl  groups  in  the  coupon  that 
had  undergone  the  BF3/  ether  Friedel-Crafts  reaction,  was  equal  to  the  number  of  CE  s  that 

had  been  bonded  to  the  Flemion. 

Briefly,  the  mercuric  nitrate  titration  consists  of  an  acidified  Cl'  containing  sanaple 
being  titrated  with  Hg(N03)2  in  the  presence  of  mixed  diphenylcarbazone-bromphenol 
blue  indicator.  The  end-point  of  the  titration  is  the  formation  of  a  blue-violet  mercury- 
diphenylcarbazone  complex.  This  is  a  modern  version  of  the  older,  and  more  difficult, 
Mohr  titration. 

The  Fl-CO-DBCE  and  Fl-CO-BCE  coupons  were  complexed  by  soaking  them  in 
aqueous  LiCl  solutions  of  various  concentrations  ranging  from  saturated  to  1  M  for 
approximately  24  hrs. 

All  transfer  and  weighing  operations  were  done  in  a  controlled  atmosphere 
Kewaunee  glove  box  which  used  the  boil-off  from  liquid  nitrogen  as  the  atmosphere  and 
had  a  moisture  content  less  than  10  ppm.  Before  and  after  each  reaction,  the  coupons  were 
dried  and  weighed  on  an  analytical  balance  with  0.01  mg  precision. 

Spectra  were  taken  of  the  membranes  directly  and  no  attempt  was  made  to  reduce 
the  membrane's  thickness  or  to  dissolve  the  Flemion.  Both  the  near  IR  and  the  mid  IR 
spectra  were  obtained  with  a  Mattson  6020  spectrophotometer.  The  fluorescence  spectra 
were  obtained  with  a  Perkin-Elmer  LS-5B  luminescence  spectrometer  which  automatically 
optimizes  its  sensitivity  for  each  sample.  The  actual  absorbance  is  observed  by  the  operator 
at  the  time  of  analysis  via  a  digital  display.  The  carboxylic  acid  form  of  Flemion  was  used 
as  the  blank. 
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RESULTS  AND  DISCUSSION 

The  series  of  reactions  used  to  convert  the  FI-COOCH3  to  Fl-COBCE  were: 

FI-COOCH3  +  NaOH(aq)  =  Fl-COONa  +  CH3OH  [1] 
FI-COONa  +  HCI  (aq)  =  FI-COOH  +  NaCI  (aq)  [2] 
Fl-COOH  +  SOCI2  =  FI-COCl  +  SO2  +  HCI  [3] 
BF3 

4 


Thin  layer  chromatography  indicated  that  only  one  product  formed  when  acetyl 
chloride  reacted  with  BCE  in  ethyl  ether.  This  product  was  most  likely  the  BCE  acylated 
at  the  3  or  4  position  rather  than  at  the  2  or  5  position,  because  the  latter  site  is  far  more 
hindered  It  was  therefore  assumed  that  in  the  more  crowded  Flemion,  only  one  product 
formed  and  this  was  the  BCE  bonded  to  the  carbonyl  group  at  the  3  or  4  position  of  the 
CE's  benzene  ring. 


The  mechanism  for  Eq.  [4]  is  probably 

Fl-COCI  +  BF3  =  F1-CO+ 

+  BF3C1- 

[51 

FI-CO+  +  BCE 

=  F1-CO-BCE+ 

[61 

FI-CO-BCE+  = 

FI-CO-BCE  + 

H+ 

[71 

H+  +  BF3CI- 

=  HCI  + 

BF3 

[81 

Gaseous  HCI  was  isolated  and  identified  in  the  reaction  between  BF3  and  coupons 
of  Fl-COCl.  In  addition  to  reactions  [5]  through  [8],  a  side  reaction  occurs  producing  a 
complex  of  some  sort  which  causes  the  membrane  to  turn  purple.  The  exact  stmcture  ot 
this  complex  is  not  yet  known,  but  when  purple  acylated  coupons  of  Fl-CO-BCE  were 
refluxed  in  50  mi  of  approximately  1  M  LiCl,  much  of  the  purple  color  disappe^ed  and  the 
LiCI  solution  was  found  to  contain  BCE  and  have  a  pH  near  1.  This  indicated  the  colored 
complex  was  trapped  in  the  membrane,  but  not  bonded  to  it  and  that  it  probably  dissociated 
in  water  into  intact  BCE  and  BF3. 
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The  complexing  of  the  Fi-CO-BCE  with  LiCl  can  be  described  by  the  equation: 

- -  RiCO"CC  L'i* 

a' 

The  extent  to  which  Eqs.  [4]  or  [9]  went  to  completion  in  the  membrane  varied 
considerably  and  was  extremely  difficult  to  assay.  The  usual  ¥TIR  spectra  that  are  used  to 
identify  typical  chemical  bonds  and  other  structural  features  of  a  species,  were  of  only 
limited  use  in  our  experiments  because  of  the  thickness  of  the  membrane.  Most  of  the 
membranes  absorbed  loo  much  light  for  the  spectra  to  be  anything  more  than  a  rough 
indication  that  a  given  reaction  occurred.  The  same  was  trae  for  the  UV-Vis  spectra.  The 
membranes  absofbed  too  strongly  in  the  UV  range.  We  f”®  "sorted  to  ne^^  m 
spectroscopy  because  the  overtones  or  second  harmonics  of  quenched  mid-IRabso^tions 
appear  in  this  region.  [12,13].  Fig.  1  shows  the  near  IR  specmm  of  bonded  BCE  md 
Fie.  2  shows  the  near  IR  spectrum  of  the  same  BCE  that  had  diffused  into  the  Fl-COOH 
without  any  chemical  reaction  taking  place.  Fig.  3  shows  the  near  IR  spectmm  of 
carboxylated  Flemion  with  no  CE  present.  It  is  obvious  from  these  spectra  that  there  is  a 
qualitative  difference  between  the  spectrum  of  the  dissolved  CE  and  that  of  the  bonded  CE 
in  the  4100  -4450  cm'l  region  of  the  spectrum.  The  bonded  CE  exhibits  a  distinct  five 
sharp  peak  pattern  which  we  think  is  an  overtone  of  some  harmonic  motion  of  the 
Snyl-benzene  bond.  The  near  IR  spectmm  of  Fl-DBCE  was  obtained  and  is  shown  m 
Fig  4  M  almost  identical  five  peak  pattern  appears.  In  order  to  prove  that  this  is  due  to  a 
feature  of  the  Fl-CO-Benzene  bond  and  not  an  overtone  of  the  crown  s  motion  pyrene 
and  benzene  were  bonded  to  the  membrane  under  FriedeFCrafts  eavl^a 

spectra  obtained.  Both  the  benzene  (Fl-CO-Benzene)  and  the  pyrene  (FlCO-Pyrene)  gave  a 

virtually  identical  pattern  to  that  of  the  bonded  BCE  in  the  4100-4450  cm"  region 
indicating  we  had  indeed  discovered  the  "signature"  of  the  carbonyl-benzene  bond.  1  he 
near  IR  spectmm  of  Fl-CO-pyrene  is  shown  in  Fig.5. 

The  combination  of  techniques  which  seemed  to  give  the  most  un^biguous 
qualitative  results  and  which  allowed  us  to  readily  distinguish  between  a  CE  molecule  that 
was  bonded  to  the  Flemion  and  a  CE  molecule  that  had  diffused  into  the  Flemion  without 
forming  a  chemical  bond  when  both  were  present,  turned  out  to  be  a  f 
fluorescence  spectroscopy  and  near-IR  spectroscopy.  A  CE  molecule  that  had  diffuse 
into  the  membrane  without  being  bonded  to  it  could  readily  be  identified  by  its  fluorescence 
Imr^Xreas  the  Huorescence  of  both  the  bonded  BCE  in  Fl-CO-BCE  and  the  bonded 
DBCE  in  Fl-CO-DBCE  was  quenched  under  the  conditions  of  our  experiments,  i  ne 
reason  why  the  fluorescence  quenched  is  not  known  and  is  currently  uirderinvestigaUon. 
Fig.  6  shows  the  fluorescence  spectrum  of  BCE  dissolved  in  Fl-COOH  and  Fig.  7  shows 
the  fluorescence  spectrum  of  the  same  molecule  dissolved  in  methanol.  In  order  “  prove 
that  the  CE  is  bonded  and  not  dissolved,  the  following  protocol  is  followed.  The  near  IR 
spectrum  and  the  fluorescence  spectrum  of  the  membrane  are  taken.  If  there  is  fluorescence 
and  no  CO-Benzene  overtone  in  the  4360  to  4434  cm''  rmge,  the  CE  has  diffteed  mm  the 

membrane  without  being  bonded  to  it.  If  we  do  not  get  f  Vwe 

get  the  characteristic  overtone  spectrum,  the  molecule  is  bonded  and  not  dissolved.  It 
get  both  spectra,  some  CE  is  dissolved  in  the  membrane  and  some  is  bonded  to  it. 
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CONCLUSION 


We  have  successfully  bonded  BCE  and  DBCE  to  Flemion  membranes  and 
complexed  these  CE  s  with  LiCl  to  form  electrolytes  with  mobile  anions.  We  have 
developed  analytical  techniques  to  assay  the  many  reactions  involved.  We  have  produced 
solid  electrolytes  with  mobile  anions  and  cations  and  solid  electrolytes  with  mobile  anions 
only.  We  are  currently  in  the  process  of  measuring  the  transference  numbers  of  the  various 
membranes  and  well  as  using  these  membranes  to  develop  a  Na2S04  salt  splitter. 
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Fig.l.  Near-IR  Spectrum  of  Bonded  BCE 
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Fig. 5 .  Near-IR  Spectrum  of  Fl-CO-pyrene 


Fig. 6.  Fluorescence  Spectrum  of  BCE 

Diffused  into  Fl-COOH  Fig. 7.  Fluorescence  Spectrum  of  BCE 

Dissolved  in  Methanol 
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The  electrochemical  reactions  of  nitride  ion  and  nitrogen  gas  in  LiCl- 
KCl  eutectic  melt  have  been  studied  by  cyclic  voltammetry, 
chronopotentiometry,  chronoamperometry  and  gas  analysis.  Nitride  ion 
is  anodically  oxidized  to  form  nitrogen  gas  almost  quantitatively  on 
nickel  electrode  according  to  the  following  reaction: 

N^-  =  l/2N2  +  3e-. 

This  is  a  reversible  one-step  three-electron  reaction  governed  by  a 
simple  diffusion-controlled  charge  transfer  process.  The  dilTusion 
coefficient  of  nitride  ion  was  estimated  to  be  ~1  x  10'^  cm^  *  at  470  °C. 
It  has  been  found  that  nitrogen  gas  is  cathodically  reduced  almost 
quantitatively  to  form  nitride  ion. 


INTRODUCTION 

The  electrochemical  behavior  of  nitrogen  in  molten  chloride  system  is  an 
interesting  research  subject  from  both  scientific  and  industrial  aspects.  For 
example,  a  novel  electrochemical  process  for  the  surface  nitriding  of  titanium  In 
molten  chloride  system  has  already  been  developed  (1).  The  principle  of  the 
process  is  as  follows;  Let  us  use  LICl-KCl  eutectic  melt  at  450  °C  as  a  model 
solvent.  When  Li3N  is  dissolved  in  the  solvent  and  titanium  electrode  is  anodically 
polarized  in  the  melt,  surface  nitriding  is  achieved  according  to  the  following 
reaction  steps: 


N3-  =  Nads  +  3e 
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Nads  +  Ti  =  TiN, 


where  anodically  produced  adsorbed  nitrogen  atoms  react  with  the  outer  most 
surface  and  diffuse  towards  the  bulk  of  titanium  electrode  to  form  nitride  layer. 
This  principle  has  already  been  successfully  confirmed  by  the  experiment  (1). 

In  this  experiment,  lithium  nitride  was  used  as  a  nitride  ion  source,  which  is 
rather  expensive.  Furthermore,  if  we  consider  a  practical  case,  lithium  ion  will  be 
accumulated  In  the  melt  by  the  continuous  addition  of  lithium  nitride,  if  the 
cathodic  reaction  is  not  available  for  its  removal  and  recovery.  These  are  not 
desirable  in  a  practical  or  an  industrial  case,  where  the  continuous  operation  is 
necessary.  Thus,  it  would  be  very  attractive  if  nitrogen  gas  could  be 
electrochemically  reduced  at  cathode  to  produce  nitride  ion  without  producing  any 
other  ionic  species. 

From  such  backgrounds,  electrochemical  behaviors  of  the  nitride  Ion  and 
nitrogen  gas  in  LiCl-KCl-Li3N  system  have  been  studied  in  detail.  First,  electron 

number  and  reversibility  of  reaction  were  studied  by  quantitative  analysis  of  the 
generated  gas,  cyclic  voltammetry  and  chronopotentiometry.  Then  diffusion 
coefficient  of  nitride  ion  was  measured  by  cyclic  voltammetry, 
chronopotentiometry  and  chronoamperometry.  Furthermore,  the  possibility  of 
cathodic  reduction  of  nitrogen  gas  was  examined  with  the  use  of  fuel  cell  type 
nitrogen  gas  electrode. 


EXPERIMENTAL 

All  experiments  were  carried  out  in  a  glove  box  of  argon  atmosphere  with  a 
continuous  gas  refining  instrument  [Nihon  Pionics  Co.  Ltd.  :MSGB]. 

The  water  contamination  was  always  monitored  and  maintained  at  less  than 

Ippm. 

The  solvent  was  a  binary  eutectic  mixture  of  LiCI-KCl  prepared  from  vacuum 
dried  reagent  grade  chemicals,  Li3N  was  added  directly  into  the  melt  as  a  nitride 

Ion  source.  Nickel  plate  electrode  and  nickel  wire  bundle  type  nitrogen  gas 
electrode  were  used  as  working  electrodes.  Glassy  carbon  was  used  as  a  counter 
electrode  and  Ll-Al  alloy  was  used  as  a  reference  electrode  (2).  A  dynamic 
reference  electrode  using  electrochemically  deposited  lithium  was  used  to  correct 
the  potential  measured  by  Li+  /  Li-Al  reference  electrode  and  all  potentials  in  this 
paper  are  referred  to  the  dynamic  reference  electrode  and  shown  as  [V  vs.  Li  +  /  Li] 

(3). 
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RESULTS  AND  DISCUSSION 


Anodic  reaction  scheme 

Figure  1  shows  typical  cyclic  voltaniniogranis  for  nickel  electrode  in  the  LiCI- 
KCl  eutectic  melt  containing  0.04  mol%  Li3N  at  various  sweep  rates  ranging  from 
0.05  Vs-i  to  0.5  Vs One  anodic  and  a  corresponding  cathodic  peak  are  observed, 
respectively.  Both  peak  currents  increase  with  the  added  amount  of  lithium  nitride 
and  the  anodic  peak  varies  linearly  with  the  bulk  concentration  of  nitride  ion  as 
shown  in  Fig.  2  (a).  From  these  voltammetric  data,  the  anodic  current  is 
considered  to  be  due  to  the  oxidation  of  nitride  ion.  Thus,  it  was  suggested  that 
nitride  ion  can  be  anodically  oxidized  to  form  nitrogen  gas  according  to  the 
following  reaction: 


N3-  =  l/2N2  +  3e-  [1]. 

In  order  to  confirm  this,  quantitative  analysis  of  the  generated  gas  obtained 
after  potentiostatic  anodic  oxidation  of  nitride  ion  at  several  potentials  was 
conducted  by  a  quadrupole  mass  analyzer.  It  was  confirmed  that  the  final  product 
obtained  after  potentiostatic  anodic  oxidation  of  nitride  ion  is  mainly  pure  nitrogen 
gas,  see  Table  1.  Provided  that  all  observed  current  was  due  to  the  reaction  of  eq. 
1,  the  current  efficiency  was  calculated  to  be  around  90  %  even  without  taking  into 
account  the  loss  of  nitrogen  gas  due  to  experimental  error.  On  the  other  hand,  no 
nitrogen  gas  was  detected  before  conducting  potentiostatic  electrolysis.  That  means 
that  the  amount  of  nitrogen  gas  coming  from  the  thermal  decomposition  of  lithium 
nitride  is  very  small  compared  to  the  amount  collected  during  the  electrolysis. 

Electrochemical  behaviors 

The  anodic  peak  potentials  scarcely  change  with  sweep  rate  as  shown  in  Fig.  1. 
And  the  ratio  of  anodic  to  cathodic  peak  current  is  estimated  to  be  about  0.9,  i.e. 
almost  1.  According  to  Nicholson  (4),  this  Indicates  that  the  anodic  oxidation  of 
nitride  ion  Is  very  close  to  a  reversible  process.  For  such  process  with  high 
reversibility,  the  following  equation  is  available  for  the  estimation  of  electron 
number  (5) : 


|EpA"EpAl/2l  ~  ^'^^UnF  [2], 

where  EpA  Is  the  anodic  peak  potential,  EpAi/2  is  the  anodic  half-peak  potential,  R 
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is  the  gas  constant,  T  is  the  temperature,  n  is  the  electron  number  and  F  is  Faraday 
constant.  By  means  of  eq.  2,  the  electron  number  is  estimated  to  be  3.0±0.2,  i.e.  the 
number  corresponds  to  the  number  of  electrons  for  eq.  1.  And  the  polarographic 
Ei/2  value  is  estimated  to  be  0.54  V.  Figure.  2  (b)  shows  that  anodic  peak  current 

varies  linearly  with  square  root  of  scan  rate.  Thus,  the  oxidation  step  is  concluded 
to  be  a  simple  diffusion-controlled  charge  transfer  process. 

A  further  study  of  the  electrochemical  behavior  of  nitride  ion  was  carried  out 
by  chronopotentiometry.  Figure  3  represents  a  typical  chronopotentiogram 
obtained  at  a  nickel  electrode  for  imposed  anodic  current  density  of  8.0  mAcm’^. 
Transient  time,  x,  is  defined  as  the  interval  time  where  the  potential  plateau  is 
observed.  It  is  directly  proportional  to  the  square  of  bulk  concentration  of  nitride 
ion  and  to  the  reciprocal  square  of  applied  current  density.  This  also  supports  the 
conclusions  that  the  oxidation  of  nitride  ion  is  a  diffusion-controlled  charge 
transfer  process.  As  shown  in  Fig.  4,  the  electrode  potential  varies  linearly  with  ln[ 
j  jO.5  This  means  that  following  equation  is  valid  : 

E  =  E^4  +  (RT  /  nF)  In  [  (T:«-=-t0-5)  / 1'>-"  ]  [3]. 

The  slope  of  the  straight  line  is  RT/nF  and  the  intercept  on  the  potential  axis  is  the 
quarter-wave  point  £^4.  The  slope  of  the  line  is  close  to  the  theoretical  value  for 
the  three  electron  reversible  process.  The  value  of  E^4  is  estimated  to  be  0.54  V , 
which  is  almost  equal  to  the  value  of  E1/2  obtained  from  cyclic  voltammetry  in  Fig. 

1. 


Diffusion  coefTicient  of  nitride  ion 

The  diffusion  coefficient  of  nitride  ion  in  LiCl-KCl  eutectic  melt  was  estimated 
from  cyclic  voltammetric  and  chronopotentiometric  data  according  to  the 
following  relations: 

Jap  =  0.4463(nF)  *  =  CD0'^'v«=(RT)  [4] 

jt<»-5/C  =  nFD<’-^Ji^’-^/2  [5], 

where  Jap  is  the  anodic  peak  current  density,  C  is  the  bulk  concentration  of  nitride 
ion,  D  is  the  diffusion  coefficient,  v  is  the  scan  rate,  j  is  the  anodic  current  density 
and  X  is  the  transition  time.  The  results  are  summarized  in  Table  2. 

The  diffusion  coefficient  of  nitride  ion  was  also  determined  by  means  of 
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chronoamperomctry.  Figure  5  shows  the  Cottrell  plot  of  chronoampeiograms 
which  represents  the  relation  between  the  current  and  the  reciprocal  square  of 
time.  The  currents  varied  linearly  with  the  reciprocal  square  of  time  till  about  2  s. 
Due  to  thermal  convection,  however,  the  linear  relation  observed  in  Fig.  5  was  not 
kept  beyond  2  s.  The  linear  part  of  the  curve  shown  in  Fig.  5  obeys  the  Cottrell  law 
as  follows  : 


j(t)  =  nFD^-=C(jtt)-«'^'  [6]. 

Thus,  the  diffusion  coefficient  of  nitride  ion  was  calculated  from  the  slope  of  the 
line  and  the  result  is  summarized  in  Table  2. 

Cathodic  reduction  of  nitrouen  gas 

The  possibility  of  cathodic  reduction  of  nitrogen  gas  in  LiCI-KCI-Li3N  system 

was  examined  with  the  use  of  fuel  cell  type  nitrogen  gas  electrode. 

Figure  6  shows  the  results  of  cathodic  polarization  curves  of  the  nitrogen  gas 
electrode.  By  supplying  nitrogen  gas  to  the  electrode,  cathodic  current  significantly 
increases  as  shown  in  Fig.  6.  If  the  observed  cathodic  current  is  attributed  to  the 
formation  of  nitride  ion,  the  cathodically  produced  nitride  ion  which  is  the  most 
negative  anion  in  the  system  will  be  oxidized  to  form  nitrogen  gas  on  the  counter 
electrode. 

In  order  to  confirm  this,  after  conducting  a  long-term  electrolysis  by  the  use  of 
the  cell  schematically  shown  in  Fig.  7,  quantitative  analysis  of  the  generated  gas 
from  the  counter  electrode  was  conducted  by  a  quadrupole  mass  analyzer.  The 
resulting  gas  is  mainly  nitrogen  gas.  Provided  that  all  observed  current  was  due  to 
the  reactions  shown  in  Fig.  7,  the  current  efficiency  was  calculated  to  be  around  93 
%.  Thus,  it  is  indicated  that  nitrogen  gas  is  cathodically  reduced  to  form  nitride 
ion  according  to  the  following  reaction: 

l/2N2  +  3e-=N3-  [7]. 
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Table  1.  Quantitative  analysis  of  gas 
(constant  potential  electrolysis). 


Applied  potential 

(2 

Effic. 

Compostion 

mol% 

Vvs.  Li+/Li 

coul. 

% 

;  N2 

i 

Ar 

0.55 

1750 

91 

99 

1 

0.65 

1632 

89 

99 

1 

0.85 

1526 

89 

99 

1 

Fig.  2  (a)  Variations  of  anodic  peak  current  densities  with  nitride  ion  concentration 
and  (b)  with  square  root  of  potential  scan  rates. 


Table  2  Nitride  ion  diffusion  coefficients  obtained  by  different  technique^ 
Technique  _ lO^p/  ern^s-''  (470°C) 

Voltammetry  1.8 

Chronopotentiometry  {Sand's  eqn.)  1  2 

Chronoamperometry  {Cottrell's  eqn.)  0.8 
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Fig.  5  Cottrell  plot  of  chronoamperogram  for  nickel  electrode  in  LiCl-KCl 
containing  0.04  mol%  Li3N  at  470  °C.  Applied  potential  O.fi  V. 
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Fig.  7  Scheme  of  electrolytic  cell  for  cathodic  reduction  and  evolution  of  nitrogen  gas. 
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NONAQUEOUS  ROOM-TEMPERATURE  IONIC  LIQUIDS:  A  NEW 
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Room-temperature  organic-inorganic  ionic  liquids  of  the 
BMI+A'  type  {BMI+=l-butyl-3-methylimidazolium,  A"=Al2Ci7’, 

AlCU',  BF4',  PF6'  and  SbF6')  have  been  used  as  a  new  class  of 
solvents  for  two-phase  catalytic  reactions.  The  chemical  and  physical 
properties  of  these  media  can  be  varied  with  the  nature  of  the  A 
anions  and  can  be  adjusted  to  the  catalyst  precursors  and  reactions 
involved.  They  are  good  solvents  of  various  transition-metal 
catalysts  and  are  poorly  soluble  with  aliphatic  hydrocarbons  and 
aldehydes.  Thus,  the  separation  of  the  reaction  products  from  the 
catalyst,  one  of  the  main  drawback  of  homogeneous  catalysis,  can 
be  easily  achieved  by  simple  decantation.  Ionic  liquids  offer  the 
opportunity  to  extend  the  field  of  two-phase  catalysis  to  substrates, 
complexes  and  ligands  which  are  poorly  soluble  or  unstable  in 
water. 

The  solvent  in  organic  catalytic  reactions  can  influence  the  course  of  a  reaction  by 
increasing  reaction  rates  and  allowing  better  reaction  control  of  chemo-,  regio-,  stereo- 
and  enantioselectivities.  Despite  the  advantage  of  using  a  solvent,  the  major 
disadvantage  is  its  separation  from  the  catalyst  and  the  products.  An  alternative 
approach  is  to  use  a  solvent  for  the  active  species,  which  is  a  poor  solvent  for  the 
reactant(s)  and  reaction  product(s).  All  industrial  applications  of  this  two-phase 
catalysis  technology  have  been  restricted  to  aqueous-organic  systems  (1).  However, 
water  is  a  highly  coordinating  protic  solvent  and  it  is  reactive  toward  many 
organometallic  catalysts.  For  this  reason,  we  have  been  investigating  the  use  of  room- 
temperature  l-butyl-3-methylimidazoIium  (BMI+)  ionic  liquids  as  a  new  class  of 
nonaqueous  solvents  for  two-phase  catalytic  hydrocarbon  transformations  (2). 

The  organochloroaluminate  ionic  liquids,  based  on  the  mixture  of  aluminium 
trichloride  and  l-butyl-3-methylimidazoliumchloride  (BMIC/),  have  the  attractive 
property  that  their  Lewis  acidity  can  be  controlled  with  the  composition  of  the  liquid. 
They  favor  the  dissociation  of  ionic  transition-metal  complexes  and  may  be  regarded  as 
Lewis  acidic  noncoordinating  media.  We  have  extended  this  class  of  liquids  to 
aluminium  compounds  bearing  an  aluminium-carbon  bond,  such  as  EtAlCl2  and  its 
mixture  with  aluminium  trichloride  (3,  4).  Nevertheless,  acidic  organochloroaluminate 
liquids  are  highly  sensitive  to  moisture  and  may  react  with  functionalized  organic 
products  and/or  reactants.  For  this  reason,  we  have  extended  the  use  of  molten  salts  to 
the  systems  which  make  use  of  anions  such  as  [BFq]-,  [PF6]',  [SbF6]*,  [CF3S03]" 
(5),  etc.  Contrary  to  the  [AlClq]'  anion,  such  anions  do  not  combine  with  their 
corresponding  Lewis  acids  and  thus  do  not  form  polynuclear  anions.  Hence  these  salts 
are  neutral  stoichiometric  compounds  and  cannot  have  a  potential  acidity. 

We  have  initiated  a  series  of  studies  using  these  salts  as  solvents  for  catalytic 
ir.irr.Krtn<T  rpqrhpninms  and  carhanion.sl  or  transition-metal 
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complexes.  To  this  end,  the  solvation  and  coordination  ability  of  ionic  liquids  is  of  the 
utmost  importance.  In  this  way  ionic  liquids  can  be  classified  according  to  the 
complexing  ability  of  their  anions  (Table  1). 


We  first  applied  the  two-phase  catalysis  concept  to  the  dimenzation  of  olefins 
catalyzed  by  nickel  complexes.  The  active  species  involved  in  this  reaction  is  a  cationic 
nickel  complex  of  the  type  [LNi-CH2R']+  [AICI4]-  (L=PR3)  (6).  Non  coordinating 
acidic  organochloroaluminate  liquids  proved  to  be  superb  solvents  for  stabilizing  the 
active  nickel  catalyst.  At  5°C  and  under  atmospheric  pressure,  the  propene  (hmenzation 
reaction  productivity  was  more  than  250  kg  of  dimers  per  g  of  nickel,  which  is  much 
greater  than  that  obtained  with  organic  solvents.  The  reaction  products  forrn  a  second 
upper  phase  which  can  easily  be  separated  by  simple  decantation.  The  pale  yellow- 
orange  catalyst  remains  in  the  ionic  phase  and  can  be  reused  several  nmes  U.  p)-  . 

The  main  advantage  of  performing  the  dimerization  reaction  m  ionic  liquias  is  a 
better  use  of  nickel  complexes,  aluminium  compounds  and  phosphine  ligands 

which  make  possible  the  production  of  interesting  propene  dimerization  isomers. 


Olefin  metathesis  (91.  .  .  . 

The  reaction  is  usually  described  by  the  following  equilibrated  disproportionation 

of  olefins  and  can  be  applied  to  most  olefins: 

2CH3CH=CHCH2CH3  ^  CH3CH=CHCH3  +  CH3CH2CH=CHCH2CH3 

We  have  obtained  very  good  results  in  pen-2-tene  metathesis  by  using 
W(OAr)2Cl4  complexes  (ArOH  =  2,6-diphenylphenol  or  2,4,6-tnphenylphenol) 
dissolved  in  BMIC/:AlCl3:EtAlCl2  (1:0.9:0.2)  ionic  liquids.  The  reaction  equilibnuni 
was  reached  in  4  hours.  Active  species  are  quite  soluble,  remain  in  the  pol^  phase  and 
can  be  reused  several  times  after  decantation  of  the  hydrocarbon  layer.  Pent-l-ene  is 
converted  into  ethylene  and  oct-4-ene,  and  the  mixture  of  cyclopentene  and  pent-2-ene 
affords  the  expected  telomers. 


Hydrogenation  of  C=C  bond.  .  ir  .  v  a 

As  ionic  liquids  are  known  to  dissolve  charged  species,  we  first  applied  them  to 

the  hydrogenation  of  pent-l-ene  using  the  Osborn  [Rh(NBD)(PPh3)2]+PF6-  complex 
(NBD=norbornadiene)  as  the  cationic  catalyst  precursor  (10).  Remarkable  solvent 
effects  are  observed.  When  BMI+SbF6-  salt  is  used,  hydrogenation  rates  are  nearly  five 
times  higher  compared  to  the  homogeneous  reaction  in  acetone,  in  spite  of  the  expected 
limited  solubilities  of  reactants  in  the  polar  phase.  When  using  ionic  liquids  prepared 
from  BMI+Cl-  and  CuCl  (1:1.5),  only  isomerization  to  pent-2-ene  with  100% 
selectivity  (98%  of  cis-pent-2-ene)  is  observed,  in  sharp  contrast  to  the  previous  results. 
This  demonstrates  that  the  selectivity  can  be  strongly  influenced  by  the  nature  of  the 

^^^^"coniugated  diolefins  such  as  cyclohexa- 1,3-diene  and  2-methylbuta- 1,3-diene 
have  also  been  hydrogenated.  This  is  all  the  more  interesting  since  diolefins  are  more 
soluble  in  ionic  liquids  than  the  corresponding  monoalkenes  (e.g.  cyclohexa- 1,3-diene 
is  five  times  more  soluble  than  cyclohexene  in  the  MBI+SbF6'  salt).  This  can 
potentially  improve  the  selectivity  of  the  hydrogenation. 
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In  all  these  experiments,  the  ionic  solutions  containing  the  catalyst  can  be  reused. 
Only  a  negligible  loss  of  rhodium  was  observed  (less  than  0.02%;  under  the  detection 
limit).  Thus,  as  ionic  liquids  are  known  to  stabilize  preferably  cationic  species  and  do 
not  solvate  the  Rh-complex,  we  assume  that  the  prevailing  active  catalyst  is  a  cationic 
not  solvated  Rh-dihydrido  complex  which  has  two  free  coordination  sites.  To  our 
knowledge,  this  is  the  first  example  of  two*phase  hydrogenation  reactions  in  which  an 
active  rhodium  catalyst  is  "immobilized"  in  a  polar  phase  without  special  ligand  design. 

Olefin  hvdroformvlation. 

Two-phase  pent-l-ene  hydroformylation  can  also  be  achieved,  as  hexanals  are 
poorly  soluble  in  ionic  liquids.  Experiments  using  the  Rh(CO)2(acac)/PPh3  uncharged 
molecular  system  as  catalyst  precursor,  show  high  catalytic  activity  in  the  BMI+PF6" 
salt  (TOP  =  333  h'l).  After  removal  of  the  organic  products,  the  ionic  phase  can  also  be 
reused  and  gives  quite  similar  activity.  However,  a  small  part  of  the  acrive  Rh-catalyst  is 
extracted  into  the  organic  phase.  Thus,  in  contrast  to  the  hydrogenation  reactions,  the 
uncharged  Rh(CO)2(acac)  catalyst  precursor  has  to  be  immobilized  in  the  salt  by  a  polar 
ligand.  For  this  purpose,  the  sodium  salts  of  monosulfonated  (TPPMS)  and 
trisulfonated  (TPPTS)  triphenylphosphine  ligands  have  been  used.  In  this  way, 
extraction  of  the  Rh-catalyst  could  be  completely  avoided. 

Butadiene  dimerization. 

“Fe(NO)2”  is  a  well  known  catalyst  for  the  Diels-Alder  dimerization  of  conjugate 
diolefins,  such  as  butadiene,  into  4-vinylcyclohexenes  (11).  This  species  is  usually 
obtained  by  reduction  of  Fe2(NO)4Cl2.  The  slightly  coordinating  [MBI]+[AF6]‘  (A=P 
or  Sb)  ionic  liquids  proved  to  be  adequate  solvents  for  stabilizing  the  active 
intermediate.  The  "ionic  liquid  solvent  effect"  is  quite  remarkable.  Electrochemical 
reduction  of  the  Fe2(NO)4Cl2  complex  could  be  used  with  confidence  in  high- 
conductivity  ionic  liquids. 

Organoaluminates  as  acidic  catalysts  (12). 

The  alkylation  reactions  of  olefins  with  isobutane  may  proceed,  in  acidic 
chloroaluminates,  in  a  way  similar  to  that  previously  described  with  conventional  liquid 
catalysts.  However,  one  of  the  advantages  of  using  organochloroaluminates  is  that  their 
catalytic  activity  may  be  readily  controlled  through  the  [Al2Cl7]"  anion  concentration. 
Very  acidic  BMIC/:AlCl3  (1:2)  mixtures  promote  the  alkylation  of  ethene  with 
isobutane  (neither  HF  nor  H2SO4  acids  are  effective  for  this  reaction).  The  reaction 
provides  2,3-dimethylbutane  as  the  main  reaction  product.  The  alkylation  of  but-2-ene 
with  isobutane  can  be  performed  with  the  same  acidic  ionic  liquids.  However,  due  to 
the  higher  reactivity  of  butene,  the  acidity  of  the  salt  has  to  be  carefully  controlled  to 
prevent  side  reactions.  Some  additives  can  improve  the  reaction.  The  catalyst 
productivity  is  eight  time  greater  than  that  obtained  with  sulfuric  acid  catalyst,  while  the 
alkylate  composition  is  maintained  as  described  below.  The  imidazolium  salt  can  be 
recovered  by  hydrolysis. 


CONCLUSION 

Ionic  liquids  show  great  promise  as  solvents  for  two-phase  catalysis.  It  may  be 
assumed  that  most  of  the  known  transition-metal  catalyzed  reactions  could  be  earned  out 
in  organic-inoreanic  ionic  liquids  bv  fitting  the  liquid  composition  with  the  selected 
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catalyst  precursors.  This  technique  appears  to  be  particularly  valid  m  many  cases,  when 
transition  metals  and  ligands  are  costly  (e.g.  in  asymmetnc  catalysis),  when  t  e 
disposability  of  the  catalyst  systems  raise  difficulties.  On  other  hand,  advantage  can  be 
taken  of  the  solubility  of  reactants  and  the  poor  solubility  of  products. 
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Table  1:  Non  aqueous  room-temperature  ionic  liquids. 


Cations 

NR4+t^^ 

PR4+ 

SR3+ 


Anions 

ci- 

BF4- 

PF6- 

SbF6- 

CF3SO3- 

CuCl2-, 

A1C14' 


Coordination  ability 
strong  (basic) 

weak  (neutral) 


CU2C13-,  CU3CI4- 

_ Al2Cl7~,  AI3CI10- 

[a]  N-alkylpyridinium,  1 ,3-dialkylimidazolium 


no  (acidic) 
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ABSTRACT 

Commercial  catalysts  for  NOj^  removal  and  SO2  oxidation  and  their 
systems  have  been  investigated  by  spectroscopic,  thermal,  electro¬ 
chemical  and  X-ray  methods.  Structural  information  on  the  vanadium 
complexes  and  compounds  as  well  as  physico-chemical  properties  for 
catalyst  model  systems  have  been  obtained.  The  results  are  discussed 
in  relation  to  proposed  reaction  mechanisms. 

INTRODUCTION 

Cleaning  of  flue  gas  and  other  industrial  off-gases  for  sulfur-  and  nitrogen- 
oxides  has  increased  the  latest  years  due  to  increased  concern  for  the  environment, 
locally  and  globally.  Recently  a  catalytical  process  has  been  developed  -  the  so- 
called  SNOX  process  -  where  SO^  and  NO^  are  removed  simultaneously. 
Reduction  of  NO^  to  N2  and  H2O  is  performed  by  reaction  with  injected  NH3  and 
catalyzed  by  V2O5  (often  promoted  by  WO3  and  M0O3)  on  a  Ti02  (anatase)  solid 
carrier  at  350-400  °C.  SO2  is  oxidized  to  SO3  by  V2O5  at  around  420  °C,  where  the 
promoters  (often  Na,  K  and/or  Cs  sulfates)  form  pyrosulfates,  which  dissolve  V2O5, 
leading  to  a  Supported  Liquid  Phase  (SLP)  catalyst.  The  project  is  concerned  with 
spectroscopic,  thermal,  electrochemical  and  X-ray  characterization  of  the  working 
catalysts  and  model  systems  in  simulated  flue  gas  from  power  plants,  i.e.  ~  0.2% 
SO2,0.1%  NO^,  4%  O2,  7%  H2O,  14%  CO2,  75%  N2,  and  in  traditional  sulfuric 
acid  synthesis  gas,  i.e.  10%  SO2,  11%  O2,  79%  N2. 

For  the  DeNO^  or  SCR,  (Selective  Catalytic  Reduction)  catalyst  a  representative 
reaction  scheme  is 


4NH3  +  4NO  -f-  O2  4N2  +  6H2O 


[1] 
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where  NH3  is  injected  into  the  flue  gas  in  amounts  equimolar  to  the  NO  content. 
In  accordance  with  the  proposed  reaction  mechanism  a  redox  process  involving 
V(V)  and  V(IV)  should  take  place.  Therefore  in-situ  EPR  spectroscopy  -  as 
applied  here  -  might  be  a  convenient  method  to  investigate  the  V(IV)  species 
formed  in  the  working  DeNO^  catalyst. 

For  the  SO2  oxidation  the  key  process  is 

SO2  +  ’/2O2  ^  SO3  [2] 

where  SO3  is  absorbed  in  dilute  sulfuric  acid  to  yield  commercial  grade  H2SO4  or 
oleum.  Also  for  this  catalyst  several  oxidation  states  of  vanadium,  i.e.  V(III),  V(IV) 
and  V(V),  are  important  both  in  the  molten  phase  of  the  catalyst  as  well  as  in  the 
solids  that  may  precipitate  and  deactivate  the  catalyst  and  model  systems. 
Information  about  the  structures  of  these  compounds  and  the  phase  diagrams  of 
the  catalyst  model  systems  is  considered  important  for  the  understanding  of  the 
reaction  mechanism  and  for  designing  catalysts  with  high  activity,  also  below  ~ 
420  °C. 


EXPERIMENTAL 

The  composition  of  the  industrial  DeNO,  catalyst  investigated  here  is  3.6  w/w% 
V2O5  and  7.8  w/w%  WO3  on  Ti02  (anatase)  with  Sbet  = 

In  situ  EPR  measurements  were  made  on  a  modified  JEOL  JES-ME-IX 
spectrometer  equiped  with  a  Bruker  ER  4114  HT  high  temperature  cavity.  The 
catalyst  sample  was  placed  in  a  double  tube  reactor  cell  inside  the  cavity,  allowing 
the  inlet  gas  to  be  preheated  before  passing  the  catalyst  bed. 

The  K  NMR  spectra  were  measured  on  a  Bruker  MSL-400  spectrometer  using 
a  home  made  high  temperature  probe  head.  The  natural  isotope  samples 
contained  93,26%^^  K.  The  spectra  were  measured  at  18.67  MHz  and  the  chemical 
shifts  refered  relatively  to  0.1  M  aqueous  solution  of  KCl. 

The  flue  gas  was  premixed  in  gas  bottles  using  dry  SO2,  O2,  CO2  and  N2  to  the 
desired  composition.  Wetting  of  gasses  was  done  by  hobbling  the  gas  through  water 
containing  flasks  heated  to  the  appropriate  temperature,  e.g.  40  °C  for  a  water 
content  of  7%  (saturation).  The  SO2  concentration  was  monitored  by  UV 
spectrophotometry  using  a  gas  cuvette  with  an  optical  path  of  100  ram.  The 
concentration  of  CO2,  O2  and  N2  was  found  by  gas  chromatography  (Supelco 
Chromosorb  102  and  Molecular  Sieve  5  A).  The  H2O  concentration  was  measured 
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by  a  Jenway  5075  Humidity  meter. 

For  the  activity  measurements  and  compound  isolation  the  gas  was  led  to  a  molten 
salt  reactor  cell  of  Pyrex,  where  the  crushed  catalyst  or  model  melt  is  supported 
by  the  porous  glass  filter  disk  through  which  the  gas  bobbles.  The  reactor  cell  was 
placed  in  a  double  walled  kanthal  wire  wound  quartz  furnace.  The  conversion  of 
SO2  was  monitored  spectrophotometrically  (on  line).  This  setup  allowed  direct 
visual  inspection  of  the  crystal  formation  and  compound  isolation  at  high 
temperature. 

X-ray  intensity  data  were  collected  on  an  Enraf-Nonius  CAD-4F  four-circle  diffrac¬ 
tometer  using  monochromated  MoXa  radiation  and  o>-scan  technique.  The  data 
were  corrected  for  Lorentz  and  polarization  effects.  Structural  parameters  were 
refined  by  full-matrix  least-squares  methods  based  on  . 

RESULTS  AND  DISCUSSION 


DeNO.^  Catalysts 

The  redox  chemistry  of  the  industrial  DeNOj^  catalyst  has  been  investigated  in 
N2,  O2  and  1%  NH3  (in  N2),  i.e.  in  neutral,  oxidizing  and  reducing  atmosphere,  by 
in  situ  EPR  spectroscopy  in  the  temperature  range  20  -  400  °C.  The  spectra  are 
shown  in  Figure  1.  The  main  features  include  a  temperature  sensitive  broad  line 
(line  width  ~  500  Gauss)  and  a  smaller  central  line  (line  width  <  100  Gauss), 
which  only  to  a  small  degree  is  sensitive  to  gas  composition  and  temperature.  Both 
lines  have  ealier  been  attributed  to  V(IV)  ions  in  different  environments.  We  have 
recorded  a  series  of  spectra  of  the  Ti02  carrier  alone  at  20  -  450  C,  which 
surprisingly  shows  the  broad  temperature  sensitive  band,  only.  This  is  therefore 
attributed  to  the  transition  of  paramagnetic  species  formed  in  the  carrier.  Since 
Ti'^^  is  diamagnetic  the  paramagnetic  species  are  probably  formed  due  to  a  non- 
stoichiometric  composition  of  Ti02,  which  indeed  is  known  to  be  the  case  for 
titanium  oxides  in  general.  The  smaller  central  line  (and  the  small  peaks  of  badly 
resolved  hyperfine  structure)  is  attributed  to  a  solid  solution  of  in  the 
Ti02  lattice.  This  explains  the  small  sensitivity  of  this  band  to  the  composition  of 
the  gas.  Surprisingly  no  EPR  signal  seems  to  be  obtained  from  the  surface 
vanadium  species,  which  are  known  to  be  reduced  by  NH3,  based  on  FTIR 
measurements  given  in  the  litterature.  Probably  EPR-silent  tetrahedral  coordinated 
species  or  species  are  formed.  They  may,  however,  be  detected  at  liquid 
nitrogen  or  lower  temperatures.  Such  measurements  are  in  progress. 


SO2  oxidation  catalysts 

The  oxidized  form  of  the  catalyst  melt  is  well  described  by  the  M2S2O7  -  V2O5 
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(M  =  Na,  K  and/or  Cs)  systems.  The  phase  diagrams  of  these  systems  are 
constructed  by  electrical  conductivity,  thermal  and  NMR  measurements.  The  line 
width  of  the  NMR  signal  changes  drastically  by  melting  as  shown  in  Figure  1 
for  some  compositions  of  the  system.  In  addition  the  electrical 

conductivity  changes  at  the  phase  transition  temperature.  The  combined  results 
lead  to  the  phase  diagram  shown  in  Figure  3. 

Three  compounds  -  possibly  K3VO2SO4S2O7,  K4(V0)20(S04)4  and  KVO2SO4  - 
are  known  to  be  formed  in  good  accordance  with  the  diagram.  A  low  melting 
eutectic  is  formed  at  Xy^Oj  =  0.18  -  a  possible  candidate  for  a  modified  catalyst 
composition. 

Interaction  between  the  M2S2O7  -  V2O5  catalyst  model  system  or  industrial 
catalysts  and  SO2  containing  flue  gases  or  sulfuric  acid  synthesis  gases  leads  to 
catalyst  deactivation  below  ~  420  “C  and  simultaneously  pricipitation  of  lower 
valence  vanadium  0x0  sulfato  compounds.  As  an  example,  part  of  the  structure  of 
the  V(IV)  compound  Cs2(V0)2(S04)3  is  shown  in  Figure  4.  VOg  octahedra  are 
linked  by  SO4  tetrahedra  giving  rise  to  large  vacancies  where  the  Cs-ions  (not 
shown)  are  placed.  During  catalyst  deactivation  in  flue  gases  V0S04(S02,  SO3, 
H20)x  type  of  V(IV)  compounds  are  formed.  Here  SO2  molecules  (instead  of 
S04^“)  link  the  VOg  octahedra  trans  to  the  V=0  bond,  and  SO3  and/or  H2O 
molecules  fill  out  the  vacancies  in  a  disordered  manner. 

In  a  proposed  mechanism  for  the  SO2  oxidation  process  this  type  of  V(IV) 
compounds  are  probably  those  suggested  to  be  formed  by  reduction  of  the  oxidized 
catalyst  by  SO2.  Further  the  SO2  coordination  to  V(IV)  may  be  a  necessary  step 
for  a  further  reduction  to  V(III)  compounds. 
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ABSTRACT 


The  Br0nsted  acidity  of  HCl  in  neutral  buffered  AlCb.l-ethyl-S-methyl 
imiazolium  chloride  melts  has  been  compared  to  the  Br0nsted  acidity  of  HCl  in 
acidic  (55moI%  AlCb)  melts.  The  acidities  were  compared  using  the 
spectrophotometric  indicator  method,  Arenes  were  used  as  the  weak  indicator 
bases.  The  acidity  of  HCl  in  the  neutral  buffered  melts  is  dependent  on  both  the 
type  of  buffering  agent  (LiCl,  NaCl)  and  on  the  concentration  of  the  metal  cation 
in  the  melt.  An  enhancement  in  Br0nsted  acidity  of  HCl  is  observed  to  a  lesser 
degree  than  in  the  acidic  melts. 


INTRODUCTION 

During  the  past  decade  investigations  have  revealed  that  HCl  acts  as  a  Br0nsted 
superacid  when  dissolved  in  an  acidic  chloroaluminate  molten  salt  (1,2).  A  Br0nsted 
superacid  is  generally  considered  to  be  any  acid  more  acidic  than  100%  sulfuric  acid  (H,  = 
-11.9),(3)  Ho  being  the  Hammett  Acidity  Function(4).  A  solution  formed  by  combining  a 
Br0nsted  acid  with  a  strong  Lewis  acid  can  create  a  potential  superacid.  Acidic 
chloroaluminate  melts  contain  the  Al2Cl7'  anion  which  is  a  strong  Lewis  acid  and  provides 
the  driving  force  in  a  melt  to  make  a  Br0nsted  acid  behave  as  a  superacid.  The  acidity  of 
HCl  in  an  acidic  melt  can  be  determined  using  the  spectrophotometric  indicator  method. 
This  method  measures  the  ability  of  HCl  to  protonate  a  variety  of  weak  bases. 


AlzClf  +  HCl  +  B  lAlCU'  +  Blt 


[1] 
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In  our  laboratory  chloroaluminate  ionic  liquids,  or  molten  salts,  are  prepared  by 
combining  aluminum  chloride  (AICI3)  and  an  organic  chloride,  in  this  case  l-ethyl-3- 
methylimidazoluim  chloride  (ImCl)  (5).  A  melt  is  considered  acidic,  basic,  or  neutral 
dependent  upon  whether  the  mole  ratio  of  Aids  to  ImCl  is  greater  than,  less  than,  or  equal 
to  unity.  An  acidic  melt  may  be  buffered  to  neutrality  by  addition  of  an  alkali  metal 
chloride,  MCI,  where  the  reaction: 


MClw  +  AljCV  ;i:l  M^  +  2AlCl4' 


K»1  [2] 


takes  place  (6).  The  condition  for  neutrality  is: 


[Im1  +  [M^]  =  [A1C14'] 


[3] 


The  alkali  chloride  is  insoluble  once  the  melt  is  neutralized,  and  thus  provides  a  solid 
buffer.  In  previous  work  we  showed  that  the  neutral-buffered  melts  possess  what  we 
termed  a  latent  acidity.  A  weak  Lewis  base,  such  as  acetylferrocene,  forms  an  AICI3 
adduct  in  the  neutral  buffered  melt,  whereas  it  does  not  in  a  neutral  unbuffered  or  basic 
melt  (7).  The  additional  driving  force  for  this  reaction  apparently  results  from  the 
precipitation  of  the  solid  MCI: 


AICI4*  +  M'  +  B:  B:AlCl3  +  MCl(3) 


[4] 


The  extent  of  latent  acidity  is  controlled  by  the  concentration  of  M*  ions  present  in  the 
neutral-buffered  melt,  hence  on  the  acid  content  of  the  melt  from  which  it  is  prepared  (8). 

In  this  work  experiments  have  been  undertaken  to  determine  if  the  reaction: 


HCl  +  M"  +  B 


MClw  +  Bir 


[5] 


takes  place  in  a  neutral-buffered  melt,  i.e.  if  HCl  in  the  neutral-buffered  melt  has  an 
increased  acidity  relative  to  that  in  the  neutral  unbuffered  or  basic  melts. 
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EXPERIMENTAL 


Aluminum  chloride  and  l-ethyl-3-methyUmidzolium  chloride  were  prepared  as 
previously  described  (9).  Melts  were  made  by  mixing  weighed  amounts  of  AICI3  and  ImCl 
to  produce  a  slightly  basic  melt  (0.97:1.00).  Proton  and  oxide  impurities  were  then 
removed  by  treatment  with  high  vacuum  and  phosgene.  Acidic  melts  were  prepared  by 
first  making  a  basic  melt  and  removing  impurities  as  described  above.  A  weighed  amount 
of  AICI3  was  then  added  to  the  basic  melt  to  obtain  the  desired  acidity.  Neutral-buffered 
melts  were  prepared  by  adding  excess  LiCl  or  NaCl  to  an  acidic  melt.  LiCl  (Aldrich, 
99.99+  %)  and  NaCl  (Aldrich,  99.999%)  were  dried  by  heating  to  399T  below  1  x  10’^ 
torr  for  4  days.  All  melts  preparation  was  done  in  a  nitrogen-filled  Vacuum  Atmospheres 
drybox.  Combined  oxygen  and  water  concentrations  were  maintained  at  a  concentration 
of  less  than  5  ppm. 

Solutions  of  arenes  in  the  neutral-buffered  melts  were  prepared  by  stirring  a 
weighed  amount  of  arene  in  a  weighed  amount  of  melt.  The  molar  concentration  of  the 
arene  was  determined  using  the  density  of  a  unbuffered  neutral  melt.  The  concentration  is 
varied  depending  on  the  arene  of  interest.  The  variation  in  concentration  was  necessary  in 
order  to  keep  the  absorbance  for  the  bands  of  interest  between  0.1  and  1.0  absorbance 
units. 


Protonation  of  the  base:  After  the  solution  was  prepared,  approximately  3ml  of 
melt  was  transferred  by  pipette  to  the  side  arm  of  the  hydrochlorination  cell  (Figure  1).  A 
quartz  insert  and  its  holder  were  then  lowered  into  the  cell  and  the  vacuum  stopcock 
closed  to  the  outside  atmosphere.  The  cell  is  then  removed  from  the  dry  box  and  attached 
to  a  vacuum  line  designed  for  the  determination  of  HCl  pressure  over  the  melt.  The  cell 
was  slowly  evacuated  to  avoid  excessive  bubbling  of  the  melt.  The  cell  was  then  isolated 
from  the  vacuum  and  HCl  introduced.  The  melt  was  stirred  in  the  side  arm  under  the  HCl 
pressure  of  interest.  An  instanteous  color  change  was  observed  in  the  melts  upon  the 
introduction  of  HCl.  After  the  HCl  pressure  reaches  equilibrium,  the  melt  remains  under 
pressure  for  10  minutes  of  additional  reaction  time.  The  cell  assembly  was  then  removed 
from  the  line.  The  melt  was  poured  into  the  cell  and  the  spectra  taken. 


RESULTS  AND  DISCUSSION 

An  effort  was  made  to  compare  the  Br0nsted  acidity  of  HCl  in  neutral  buffered 
melts  to  the  Br0nsted  acidity  of  HCl  in  acidic  (55mol%  AICI3)  melts.  As  previously 
mentioned.  Smith  and  co-workers  concluded  that  HCl  (latm)  in  acidic  (55mol%  AICI3) 
melts  is  a  Br0nsted  superacid  on  the  same  order  of  acidity  as  100%  HF  (Ho  =  -15.1)  (2). 
The  strong  Lewis  acid,  AI2CI7'  present  in  acidic  melts,  acts  as  a  Cf  sink,  providing  the 
driving  force  for  the  enhanced  acidity  of  the  HCl. 
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AlaCV  +  HCl 


2AICI4*  +  H" 


[6] 


In  neutral  buffered  melts  an  enhancement  in  the  Br0nsted  acidity  of  HCl  is  also 
observed,  but  to  a  lesser  degree  than  in  the  acidic  melts.  The  driving  force  for  the 
enhanced  acidity  of  HCl  in  the  neutral  buffered  melts  is  provided  by  the  precipitation  of 
the  alkali  metal  chloride  from  solution, 


Al2Cl7'  +  MCI 

2MCU‘  +  M^ 

[7] 

M"  +  HCl 

MC1(,)  +  KT 

[8] 

The  spectrophotometric  indicator  method  was  used  to  compare  the  acidity  of  HCl  in  melts 
of  various  compositions.  The  melts  exhibit  a  wide  UV  window  (down  to  240  nm)  making 
it  possible  to  observe  both  the  protonated  and  unprotonated  forms  of  the  base.  Arenes 
were  used  as  weak  indicator  bases  in  order  to  directly  compare  these  results  to  those  of 
Smith  and  co-workers  in  the  acidic  melts. 

Figure  2  represents  a  typical  spectra  taken  for  hexamethylbenzene  at  various 
pressures  of  HCl.  As  the  pressure  of  HCl  increases  so  too  does  the  absorbance  of  the 
protonated  form  of  the  base  observed  at  285  nm  and  396  nm.  If  the  concentration  of  the 
protonated  base  is  calculated  at  each  pressure  for  the  absorbance  band  at  396  nm  and 
divided  by  the  total  initial  concentration  of  base  in  the  melt,  the  degree  of  protonation  is 
obtained  as  seen  in  Figure  3.  An  increase  in  pressure  results  in  an  increase  in  the  degree  of 
protonation. 

At  a  given  pressure  the  relative  acidity  of  HCl  in  the  neutral  buffered  melts  is 
dependent  on  the  specific  type  of  alkali  metal  cation,  h/T,  in  the  melt  and  on  the 
concentration  of  in  solution.  Acidic  melts  were  buffered  with  LiCl  and  NaCl.  Figure  4 
shows  the  effect  of  the  metal  cation  on  the  relative  acidity  of  HCl  in  various  neutral 
buffered  melts.  Using  9,10-dimethylanthracene  (pKs  =  6.4  in  HF)  as  the  indicator  base, 
one  can  observe  the  change  in  the  degree  of  protonation  versus  pressure  for  each  buffering 
agent.  Using  the  degree  of  protonation  as  an  indicator  for  the  acidity  of  HCl  in  the 
various  melts,  the  effect  of  the  cation  on  the  acidity  of  HCl  in  the  neutral  buffered  melts 
can  be  ranked:  LiCl-buffered  >  NaCl-buffered.  This  work  is  in  agreement  with  research 
previously  conducted  by  Osteiyoung  and  co-workers  in  which  Guttman  acceptor  numbers 
(AN)  were  used  as  a  measure  of  the  relative  acidities  of  the  various  neutral  buffered  melt 
systems.  Using  triethylphosphine  oxide  as  the  probe  molecule  the  same  order  of  acidities 
was  found  (10). 
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In  addition  to  being  dependent  on  the  type  of  metal  cation  in  the  melt,  the  acidity 
of  HCl  is  also  dependent  on  the  concentration  of  in  solution.  The  metal  cation 
concentration  in  a  neutral  buffered  melt  is  equal  to  the  initial  AI2CI7  concentration  in  the 
melt  before  buffering.  The  larger  the  Nf  concentration  the  larger  the  degree  of 
protonation  observed  at  that  pressure,  regardless  of  which  buffering  agent  is  employed. 
Figure  5  shows  the  effect  of  changing  the  initial  Al2Cl7'  concentration  and  buffering  with 
the  same  alkali  metal  chloride.  The  degree  of  protonation  is  larger  for  the  melts  that  were 
originally  60mol%  AICI3  than  for  the  melts  that  were  originally  55mol%  AICI3.  The 
curvature  in  the  line  observed  in  the  LiCl  buffered  melts  is  absent  in  the  NaCl  buffered 
melts.  The  linearity  seen  in  the  NaCl  buffered  can  be  attributed  to  fact  that  the 
concentration  of  the  unprotonated  base  is  so  large  in  comparison  to  the  protonated  base, 
that  we  are  essentially  plotting  the  ionization  ratio  (  [Bfr]/[B])  versus  pressure  of  HCl  as 
seen  in  equation  [9]. 


When  [B]  »  [BH^], 


then 


[bh"]  [bh"] 

[b]+[bh^]"  [B] 


[9] 


[B]  defined  as  the  unprotonated  base,  and  [BH^]  as  the  protonated  base. 

Considering  both  the  activity  of  the  metal  cation  as  well  as  the  concentration  of  the 
metal  cation,  the  relative  acidity  of  HCl  in  neutral  buffered  melts  can  be  compared  to  the 
acidity  of  HCl  in  the  acidic  (55mol%  A1C13)  melt  based  on  the  degree  of  protonation. 
(Table  I)  Basic  melts  exhibit  no  latent  acidity  and  therefore  show  no  degree  of 
protonation  for  any  base  at  any  pressure.  The  order  of  the  neutral  buffered  melts  are  as 
previously  described  --  LiCl  buffered  >  NaCl  buffered  and  within  each  buffered  melt 
system,  the  greater  the  NT  concentration  the  greater  the  relative  acidity.  The  Br0nsted 
acidity  of  HCl  is  the  strongest  in  the  acidic  melts. 

If  a  simple  protonation  reaction  is  written: 


NT  +  AlCU’  +  HCl  +  B  AlCW  +  MCl(s)  +BHr  [10] 


K'  = 


[B|Mqp„„] 


[11] 
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plotting  the  ionization  ratio  ( [BH"]/[B])  versus  the  pressure  of  HCl  (Figure  6),  the  slope 
of  the  line  will  be  equal  to  Using  the  appropriate  Nf  concentration,  K’  values 

were  calculated  for  bases  in  the  various  melts,  see  Table  II.  The  calculation  for  K’  is 
based  on  the  assumption  that  a  linear  variation  of  HCl  solubility  exists  with  pressure  in  the 
neutral  buffered  melts.  This  relationship  has  been  shown  to  hold  true  in  both  acidic  and 
slightly  basic  melts  (11).  As  expected  bases  in  the  LiCl  buffered  melts  have  a  higher 
equilibrium  constant  than  the  bases  in  the  NaCl  buffered  melts.  The  difference  in  the 
equilibrium  values  between  bases  is  due  to  the  strength  of  the  base.  Thus  9,10- 
dimethylanthracene  (  pKs  =  6.4  in  HF)  has  larger  equilibrium  constants  than 
hexamethylbenzene  (pKe  =  1.4  in  HF).  The  important  point  to  note  is  that  the  order  of 
magnitude  between  the  LiCl  and  NaCl  buffered  melts  remain  constant. 


Table  Tl.  Equilibrium  Constants 

Hexamethvlbenzene 

Q,10  -  Dimethvlanthrf 

LiCl  buffered  melts 

1.7  E -03  ±2.3E-04 

LIE -01 

+  3.2E 

NaCl  buffered  melts 

4.2  E -05  ±3.8E-06 

8.9  E  -03 

±1.3E 

In  conclusion,  it  has  been  shown  that  the  Br0nsted  acidity  of  HCl  in 
chloroaluminate  melts  can  be  varied  by  changing  numerous  melt  parameters.  Adjustment 
of  the  pressure  of  HCl  over  the  melt  combined  with  altering  the  buffering  agent  and  the 
metal  cation  concentration  in  solution  allow  the  experimentalist  to  choose  a  specific  HCl 
acidity.  This  tunable  solvent  system  could  provide  unique  opportunities  in  both 
complexation  and  reaction  chemistry. 
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Figure  1.  Protonation  cell. 


Figure  2.  Absorption  spectra  of  hexamethylbenzene. 
Protonated  forms  of  the  base  at  285nm  and  396nm  can 
be  seen  increasing  as  tbe  pressure  of  HCl  is  increased. 
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Figure  3.  Degree  of  protonation  of  hexamethylbenzene  versus  pressure  of 
HC!  (mmHg)  in  a  LiCi  buffered  melt,  originally  60mol%  AlCla- 
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Figure  4.  Degree  of  protonation  of  9,10-dimethyianthracene  versus 
pressure  of  HCI  (mmHg)  for  various  neutral  buffered  melt  systems, 
all  originally  60mol%  AlCI  3’ 
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Figure  5,  Degree  of  protonation  of  tiexamethylbenzene  versus  pressure  of 
HCI  (mmHg)  for  various  neutral  buffered  melt  systems,  (a)  LiCI  buffered 
melts  (b)  NaC!  buffered  melts 
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Figure  6.  Ionization  ratio  versus  pressure  of  HCI  for  various  neutral 
buffered  melts.  Indicator  base  in  all  cases  is  hexamethylbenzene. 


Electrochemical  Society  Proceedings  Volume  96-7 


♦log  Kb  in  HF,  values  taken  from  Carhonium  Ions,  Olah,  G.  A. 
and  Schleyer,  P.  von  R.,  Eds.;  Wiley-Interscience:  New  York, 
1970,  Vol  II. 

*  *  Values  taken  fromy.  Am.  Chem.  Soa  1989,  111,  525-530. 
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Pressure-composition  isotherms,  NMR  spectra  and  conductivity 
measurements  indicate  that  SbClsiHCl  mixtures  up  to  24%  mol  HCl  are  non- 
electrolytes  and  contain  one  SbCIsiHCl  adduct  up  to  ~10%  mol  HCl  and  two 
adducts  for  the  10-24  mol%  range.  Since  exchange  between  the  two 
adducts  was  not  seen,  it  is  deduced  that  one,  at  least,  contains  a  stracturally 
sheltered  proton.  Calculations  upon  the  BF3:HF:MF  and  BCl3:HCl:MCl^ 
systems  gave  data  on  the  shapes  and  stabilities  of  the  recently  made  B2F7*  ion 
and  the  likely  species  HBF4,  HB2F7,  BF4(HF) ,  B2F7(HF)  and 
BCUCHCI)'.  NMR  calculations  which  fit  closely  the  experimental  results 
for  CH4,  HCl  and  HCI2',  predicted  the  H2a+  resonance  to  occur  at  ~6  ppm. 


INTRODUCTION 


It  has  been  known  for  many  decades  that  hydrogen  halides  (HX)  react  with  halide 
salts  (MX)  to  produce  compounds  of  the  type  MHX2,  MH2X3,  etc.  Some  examples  are 
KHF2,  (pyH)HCl2  (1),  ImH2a3  (2)  (Im  s  l-ethyl-3-methyl-lH-imidazolium)  and 
(CH3)3SHBr2  (3).  Many  of  these  compounds  are  liquid  at  modest  temperature  and  are 
strong  Bronsted  acids.  In  the  1960’s  it  was  shown  that  the  reaction  of  HF  with  the  Lewis 
acid  SbFs  gave  rise  to  superacidic  liquids;  the  active  species  in  these  solutions  have  been 
taken  to  be  the  cations  H2F+  and  H3F2'^  (4,5). 

When  it  was  shown  (6)  that  HCl,  in  combination  with  ImCl  and  AICI3  gave  liquids 
which  were  strong  acids  where  nimO  >  nAia3  and  superacids  where  tiAicia  >  «ima.  the 
formation  of  H2a+  and  H3a2+  in  the  Lewis  acidic  liquids  was  advocated  (7).  However, 
precise  HCl  solubility  measurements,  supported  by  electrochemical  and  infrared 
spectroscopic  data,  indicated  that  rather  than  form  cational  species  or  neutral  molecules 
such  as  HAICI4,  HCl  reacts  to  form  the  hydrogen  bonded  anions  CIHCIAICI3  and 
ClHClAl2a6',  analogous  to  ClHCl',  with  CIHClAhQe*  apparently  responsible  for  the 
superacidity  (8). 

To  add  further  credence  to  these  findings  we  began  theoretical  calculations  of  the 
energies,  structures  and  vibrational  frequencies  of  HF  and  HCl  polymers  and  ions  and 
AICI3-HCI  systems  (9,10).  Of  particular  significance  these  calculations  suggested 
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distinctly  different  IR  spectra  for  HCh'  and  H2a3',  the  foraiation  of  stable  compounds 
between  HCI  and  chloroaluminate  anions  but  not  AICI3,  and  the  conversion  of  H2a'^  into 
ClHClAl2a6'  by  A1C14'  and  Al2a7'. 


EXPERIMENTAL 


Solubility 


The  solubility  of  HCI  in  SbCls  was  determined  manometrically  with  essentially  the 
apparatus  described  elsewhere  (8).  Antimony  pentachloride  (Aldrich  99.995+%)  was 
transferred  under  argon  to  the  sample  cell  by  means  of  a  Teflon  cannula.  After  the  cell 
was  attached  to  the  vacuum  manifold,  the  SbCIs  was  degassed  by  three  freeze-evacuation- 
thaw  procedures  (SbCls  melts  at  4°C)  and  then  the  cell  thermostated  at  24.0  ±  0.5°C. 

HCI  gas  (Matheson,  Semiconductor  grade,  99.995%)  was  added  to  the  system  as 
described  previously;  equilibration  was  complete  after  15  minutes  at  each  pressure. 

NMR  Spectroscopy 


iH  (200  MHz)  spectra  were  acquired  with  a  Bruker  AC200QNP  spectrometer. 
Samples  were  transferred  from  the  cell  under  argon  to  standard  5  mm  tubes,  each  of  which 
contained  a  coaxial  capillary  filled  with  DMSO-d6  (Aldrich,  99.9%  D)  which  served  as  the 
lock  solvent.  All  spectra  were  referenced  to  TMS. 


Conductivity 


Conductivity  measurements  were  obtained  with  a  YSl  Model  31  Conductivity 
Bridge  connected  to  a  dip-type  glass  cell  with  platinum  electrodes.  0. 1  m  aqueous  KCl 
was  used  for  cell  calibration. 


Theoretical  Calculations 


For  the  large  antimony  species  the  semi-empirical  method  PM3  was  utilized,  taken 
from  the  software  package  Spartan  V4.0  operating  on  a  Silicon  Graphics  INDY 
workstation  (64  MB,  175  MHz).  Ab  initio  calculations  for  boron  species  were  performed 
using  GAUSSIAN  92  (1 1)  and  GAUSSIAN  94  (12)  commercial  software  packages 
running  on  a  Silicon  Graphics  II  processor  server  (512  MB,  150  MHz).  Geometry 
optimizations  and  vibrational  frequency  calculations  were  carried  out  using  the 
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3-21  +  G(d,p)  basis  set  at  the  density  functional  (BVWN)  level.  All  ab  initio  energies 
were  corrected  for  thermal  energies,  including  zero-point  vibrations,  to  yield  internal 
energy  values  at  298  K.  The  final  AG°  values,  it  must  be  noted,  refer  to  the  gas  phase  and 
assume  ideal  gas  behavior. 

NMR  shielding  tensors  were  obtained  using  GIAO,  CSGT,  IGAIM  and  SGO 
methods  at  both  Hartree-Fock  (RHF)  and  BVWN  levels  of  theory.  Geometry 
optimization/naagnetic  susceptibility  calculations  were  performed  on  smaller  protic  species 
using  the  above  methods  and  the  6-311++G(3df,3pd)  basis  set. 


RESULTS  AND  DISCUSSION 


The  Chloroantimonic  Acid  System 


Figure  1  is  a  typical  pressure-solubility  isotherm  for  HCl  in  SbCl5.  Plots  are  linear 
at  low  HCl  concentrations  with  signs  of  saturation  at  higher  concentrations  in  the  form  of 
the  upward  curvature.  Figure  2  shows  the  NMR  spectrum  of  the  starting  SbCls.  the 
peaks  at  3.5  ppm  and  2.5  ppm  are  from  water  and  methyl  protons,  respectively,  of  the 
DMSO-d6  lock  solvent.  The  addition  of  HCl  up  to  a  concentration  of  11  mol  %  gave  rise 
to  a  peak  at  2  ppm  (Figure  3);  further  addition  of  HCl  gave  a  second  peak  at  -0.4  ppm 
which  did  not  grow  at  the  expense  of  the  first  (Figure  4).  Spectra  were  not  changed  by 
raising  the  temperature  at  363  K,  indicating  no  proton  exchange  between  the  species 
responsible  for  the  two  resonances.  Samples  of  less  pure  SbCls  -  of  poorer  initial  quality 
or  not  handled  carefully  enough  -  showed  a  broad  resonance  at  5  ppm.  This  broad  5  ppm 
peak  from  “wet”  samples  vanished  upon  HCl  addition  and  the  2  ppm  peak  grew.  Vacuum 
grease,  a  possible  contaminant,  merely  generated  a  broad  resonance  at  -1.0  ppm. 

The  electrical  conductivity  of  both  SbCl5  and  a  10  mol  %  HCl  in  SbCls  solution 
were  negligible  and  the  viscosity  of  the  SbCls  appeared  to  be  unaffected  by  HCl  addition. 

We  deduce  from  these  observations  that  the  two  protic  species  formed  are  NOT 
ionic,  that  one  mole  of  the  first  (formed  at  <  10  mol  %  HCl)  arises  per  mole  of  HCl,  that 
as  the  liquid  begins  to  saturate  with  the  first  species,  the  second  forms  and  that  one  of  the 
proton  environments  is  sufficiently  sheltered  structurally  that  proton  exchange  between  the 
two  is  not  seen  in  the  ^H  NMR. 

Feasible  compositions  for  the  two  protic  species  are  HSb2Cln  and  HSbCle-  The 
former  could  be  formed  at  the  lower  HCl  concentrations  and,  if  it  had  a  hydrogen-bonded 
structure  such  as  I,  might  not  readily  exchange  its  proton  with  the  latter  on  the  NMR  time 
scale. 
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The  2  ppm  signal  would  correspond  to  this  structure  with  the  -0.4  ppm  signal 
corresponding  to  HSbCls,  probably  with  the  H  bonded  to  one  Cl. 

Comparison  of  the  SbCls-HCl  system  with  the  SbFs-HF  one  is  hampered  by  the 
fact  that  the  more  definitive  measurements  on  the  latter  were  made  on  HF-rich  mixtures. 
These  were  electrically  conducting  and  the  NMR  was  interpretable  in  terms  of  the 
formation  of  SbFg  ,  Sb2F,';  and  SbsFfg  upon  breakdown  of  polymeric  SbFs  (the 
viscosity  of  SbFs  is  10  times  that  of  SbCls)  (4,13).  Protons  in  these  mixtures  were  first 
assumed  to  be  in  the  sole  cation  H2F+.  but  H3F2+  was  taken  to  be  the  lone  cationic 
species  up  to  20%  HF  after  IR  studies  (5)  (this  work  hinged  on  the  existence  oj  a  linear 
_P_H-F-  portion  of  H3F2+  with  F-H  bond  distances  identical  to  those  in  HF2  :  a 
situation  confirmed  by  recent  calculations  (9).)  One  NMR  signal  was  observed  at  -1  to 
4  ppm  relative  to  HF  (4).  Within  mixtures  of  high  SbFs  content,  no  electrical  conductivity 
was  found  (4)  (analogous  to  the  SbCls-HCl  results  above)  and  speciation  was  less 
defined. 

Calmlatinns  for  the  BCh:HCl:MCl  and  BF3:HF:MF  Systems 

Figures  5  and  6  display  the  calculated  structures  for  species  of  interest  in  the  two 
boron  halide  systems.  As  expected,  both  haUde  dimers  were  unstable  while  the  B2F7  ion, 
in  agreement  with  experiment  (14),  was  stable,  unlike  B2CI7 .  The  greater 
electronegativity  of  fluorine  means  less  n-p  donation  from  F  to  B  than  from  Cl  so  that 
BF^  will  accept  electrons  from  BF3  whereas  back-bonding  more  effectively  stabilizes 

Ba4. 

The  tetrahalide  ion-HX  and  trihalide-HX  adducts  also  show  differences.  The 
BCl4(HCl)'  “link”  is  2.30  A  while  the  BF4(HF)'  link  is  much  shorter  at  1.58  A.  Further, 
the  BF3-FH  link  is  2.63  A  compared  to  4.9  A  in  BCI3-CIH.  The  binding  energy  of  BF3- 
FH  was  calculated  as  15.8  kJ  mol"!  compared  to  the  value  of  16.3  kJ  mol-^  of  Phillips  et^ 
al.  (15),  who  calculated  the  long  B-F  distance  as  2.50  A  and  the  H-F-B  angle  as  107.1° 
and  measured  these  quantities  as  2.544  A  and  104°  by  pulsed-nozzle  FT  microwave 
spectroscopy.  The  difference  between  our  calculated  values  and  those  of  Phillips  et  al.  is 
due  to  the  limited  size  of  the  basis  set  we  employed.  - 
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TTie  calculations  are  consistent  with  observed  acidity  trends  in  these  systems. 
There  is  experimental  evidence  for  the  enhancement  of  HX  acidity  by  BX3  and  the 
calculations  support  the  stability  of  HBF4;  at  a  higher  level  of  refinement  they  should 
determine  whether  or  not  HBCI4  is  stable. 


Equilibria 

Table  1  displays  various  equilibria  for  the  boron,  antimony  and  aluminum  halide 
systems.  The  calculations  for  the  antimony  systems  could  only  be  made  by  the  semi- 
empirical  method,  PM3,  so  may  not  be  reliable.  Notable  species  predicted  to  be  stable  are 
HBF4,  HB2F7,  HBF^,  HB2F^  andHBQ^.  Work  is  underway  to  find  suitable  cations 
for  the  isolation  of  the  latter  ions.  For  all  the  systems  we  notice  that  H2X'^  formation  is 
highly  endothermic. 


Table  I 

Gibb's  Free  Energies  (AG°)  of  ^^arious  Equilibria 
{Note:  BX3;HX:MX  and  chloroaluminates  using 
BVWN/3-21+G**;  SbX^iFL’i.iVlX  using  PM3} 

[All  numbers  given  in  kJ/moI] 


A) 

B2CI6  2BCI3 

B2F5  — >  2BF3 

=  232.0 

Sb2aio  <=>  2SbCl5 

^^2^10  ^  2SbF5 

=  -138.0 

Al2a6  2AICI3 

=  39.1 

B) 

8207-  BCI3  +  BCI4' 

B2F7  <=>  BF3  +  BF4 

=  51.2 

Sb2an' <=>  SbCls  +  SbCV 

=  438.4 

Sb2Fif  ^SbFs  +  SbFg- 

=  158.8 

AI2CI7  <=>  AIQ3  -t-  AICI4 

=  69.8 

C) 

HBCI4  HQ  +  BCI3 

=  -20.0 

HBF4  «  HF  +  BF3 

HSbCl^  <=>Ha  +  SbCl5 

= -659.8 

HSbF6  <=7  HF  +  SbF5 

=  9.13 

HAia4«HCl  +  AlCl3 

=  -15.8 
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D) 

Table  I  (Cont’d) 

ECU'  +  HCl  <=>  BCl4(HCl)' 

=  1.45 

BF4-  +  HF  BF4(HF)- 

=  -42,3 

SbClg'  +  HCl «  SbCI^CHCl)’ 

=  1017.7 

SbFg-  +  HF  «  SbFgCHF)- 

=  -4.05 

Aia4'  +  HCl  <=>  Aia4{HCl)' 

=  -5.4 

E) 

603  +  2HC1  <=>  ECU'  +  H2a+ 

=  716.1 

BF3  +  2HF  <=>  BF4'  +  H2F+ 

=  734.3 

SbCl5  +  2HC1  SbCl^’  +  H2a+ 

=  455.8 

SbF5  +  2HF<=>SbF6-  +  H2F^ 

=  770.4 

AlQj  +  2HC1 «  Aia4‘  +  H2a'" 

=  579.5 

F) 

BCI3  +  cr  «  BCI4* 

=  -117.9 

BF3  +  F  0  BF4' 

=  -309.0  (exp.-297.1^) 

SbOs  +  Cr  SbCl^' 

=  -256.7 

SbFs  +  F  «  SbFg- 

=  -235.9 

AiCl3  +  cr  0  A1CI4' 

=  -254.5 

G) 

B2F7'  +  HF  <=>  B2F7(HF) 

=  -16.5 

sb2an‘  +  HCl » sb2aii(Hcir 

=  -34.2 

Sb2Fii‘  +  HF  <=>  Sb2Fii(HF)‘ 

=  314.4 

Al2a7'  +  HCl  <=>  Al2a7(HCl)' 

=  6.31 

H) 

2BF3  +  2HF  «  B2F7'  +  H2F^ 

=  683.1 

2SbCl5  +  2HC1  Sb2an'  +  H2a^ 

=  17.4 

2SbF5  +  2HF  Sb2Fii'  +  H2F^ 

=  611.6 

2AiCl3  +  2HC1  Al2a7'  +  H2a+ 

=  509.7 

I) 

HBF4  +  BF3  <=>  HB2F7 

=  19.2 

HSbCI^  +  SbCls  <=>  HSb2an 

=  -729.1 

HSbF6  +  SbF5<f=>HSb2Fn 

=  1169 

HAia4  +  Aia3  HAI2CI7 

=  not  deterrained 

J) 

B2F7‘  +  F‘  <=»  2BF4‘ 

=  -257.8 

Sb2aii‘ +  cr  0  2Sbci6' 

=  181.7 

Sb2Fif  +  F-c>2SbF6‘ 

=  -77.1 

=  -184.7  (exp.-108.4^ 

Ai2a7'  +  cr  <=>  2AICI4' 

a 

reference  15 

b 

reference  7 
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NMR  Calcularions 


The  CSGT  and  IGAIM  methods  of  magnetic  susceptibility,  at  the 
BVWN/6-31 1++G(3df,  3pd)  level  of  theory,  gave  the  most  accurate  and  shieldings 
for  methane  and  so  were  considered  the  most  reliable  for  calculating  shieldbg  tensors  for 
Ha2 ,  H2a+  and  HCl.  The  results  are  collected  in  Table  2.  The  values  are  within  2  ppm 
and  1.5  ppm  of  the  experimental  ones  for  HQ  2  (7)  and  HQ  (18)  in  solution,  respectively. 


Table  U 


iH  NMR  Absolute  Shieldings  for  HCl,  H2Q+  and  HQ 2  Using 
BVWN/6-31 1++G(3df,3pd)  {experimental  values  are  given  in  parentheses} 


Soecies 

Absolute  Shielding 

TMS 

(31.06  ppma) 

a 

reference  16 

HCl 

31.6  ppm  (30.4  ppmb) 

b 

reference  17 

(29.5-30.2  ppmC) 

c 

reference  18 

HlCt 

24.8  ppm 

Ha2 

15.2  ppm  (17.2  ppm^) 

d 

reference  7 

Fujuvara  et  al.  (16)  also  found  that  gas-phase  calculations  resulted  in  a  1-2  ppm  extra 
shielding  for  HX  molecules  relative  to  the  experimental  values  for  inert  solutions.  The  ^H 
NMR  resonance  of  Hia^  is  expected  at  ~6  ppm.  Such  a  resonance  is  not  seen  for  the 
SbQsrHCl  system  nor  for  the  Lewis  acidic  chloroaluminate  melts.  Values  for  the  latter 
range  up  to  only  1.6  ppm  (18)  and  thus  are  consistent  with  chloroaluminate:HCl  adduct 
formation. 


CONCLUSIONS 


1.  HCl  dissolves  in  SbCls  to  give  unionized  solutions.  NMR  indicates  the 
formation  of  one  species  up  to  -10%  HCl  with  solubility  proportional  to  HCl  partial 
pressure.  Over  the  10-24  mol  %  HCl  range  an  additional  protic  species  formed. 
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2.  Calculations  for  systems  involving  BCI3  and  BF3  suggest  that  the  as  yet 
unknown  adducts  BCl4(HCl)',  BF4(HF)'  and  B2F7(HF)'  should  be  stable  and  agree  with 
the  stability  of  the  recently  made  B2F^-  AGf  values  for  HBF4  and  HB2F7  were  small  and 
positive. 

3.  iH  NMR  calculations  agree  with  the  experimental  assignments  for  HG 2 
and  HCl  and  suggest  the  signal  for  H2Q‘''  should  be  sought  at  ~6  ppm. 
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Figure  1  Pressure-Composition  isotherm  for  a  21.5  mol%  HCl-in-SbCls  solution 
(Isotherm  A) 


Y  ^ 

6,0  5.5  S.O  <-5  <.0  3.5  3.0  ?.5  2.0 
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Figure  2  'H  NMR  spectrum  for  100  mol%  SbCls  corresponding  to  isotherm  A 
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Figure  3  ‘H  NMR  spectrum  for  a  5,3  mol%  HCI-in-SbCls  solution 


Figure  4  ‘H  NMR  spectrum  for  a  5.3  mol%  HCl-in-SbCls  solution 
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BF4(HF) 


Figure  6  Smictuies  of  species  from  the  BFjOT^MF  system  calculated  using 
BVWN/3-21+G**  {Note;  bond  lengths  are  given  in  Angstronas) 
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Figure  5  Structures  of  species  from  the  BCl3:HCl:MQ  system  calculated 

using  BVWN/3-21+G**  {Note:  bond  lengths  are  given  in  Angstroms) 
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ABSTRACT 

Gutmann  acceptor  numbers  have  been  determined  using  ^^P  NMR  for  AICI3 
/  EMC  melts,  where  EMC  is  l-ethyl-3-methylimidazolium  chloride,  as 
well  as  LiCl,  NaCl,  and  KCl  neutral  buffered  melts.  Functions  have  been 
determined  Aat  allow  the  prediction  of  the  acceptor  number  for  AICI3  / 
EMC  melts  and  LiCl,  NaCl,  and  KCl  neutral  buffered  mejts.  The  binary 
melts  observed  acceptor  numbers  are  due  to  an  equilibrium  between  a 
triethylphosphine  oxide  /  AICI3  monoadduct  and  a  triethylphosphine  oxide  / 
2  AICI3  diadduct.  The  neutral  buffered  melts  observed  acceptor  numbers 
are  Linear  with  respect  to  melt  initial  mole  ratio  of  AlCl3;EMIC  prior  to 
buffering.  The  lithium  cation  appears  to  be  the  most  Lewis  acidic  followed 
by  sodium  and  potassium. 


INTRODUCTION 

Ambient-temperature  chloroaluminate  ionic  liquids  are  an  important  class  of  non- 
aqueous  solvents;  they  have  been  used  for  a  wide  variety  of  chemic^  and  electrochemical 
studies  (1-4).  In  addition,  they  show  promise  as  electroplating  baths  for  industrial 
aluminum  electroplating  as  well  as  electrolytes  in  high  energy  density  batteries  (5-7). 

Gutmann  acceptor  numbers  are  a  non-thermodynamic  measure  of  Lewis  acidity  of  a 
solvent.  They  give  a  description  of  solvent  Lewis  acidity  that  can  be  used  to  compare 
disparate  solvents  and  to  predict  the  chemistry  of  different  solutes  in  these  systems  (8-10). 
Work  conducted  by  Zawodzinski  and  Osteryoung  described  the  Gutmann  donor  and 
acceptor  number  parameters  for  ethylmethyhmidazolium  and  N-butylpyridinium  based 
chloroaluminate  melts  (11).  However,  since  that  time  neutral-buffered  chloroaluminate 
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melts  have  emerged.  These  new  ternary  melts  provide  researchers  with  new  tunable 
systems  that  allow  additional  control  of  the  melt  properties.  The  acidity  of  these  new  melts 
is  unknown  and  Gutmann  acceptor  numbers  provide  a  way  to  make  comparisons  between 
the  neutral  buffered  melts  as  well  as  between  the  neutral  buffered  melts  and 
ethylmethylimidazolium  based  melts. 

The  chloroaluminate  ionic  liquids  we  are  studying  are  comprised  of  mixtures  of  1- 
ethyl-3-methylimidazolium  chloride  (EMIC)  and  aluminum  chloride  (AICI3).  The  two 
solids  react  over  a  wide  range  of  stoichiometries  to  yield  room-temperature  molten  salts 
(12).  The  melts  are  defined  as  acidic,  basic,  or  neutral  if  the  mole  ratio  of  AICI3  to  EMIC  is 
greater  than,  less  than,  or  equal  to  unity.  The  chemis^  observed  in  the  melts  is  strongly 
affected  by  melt  composition.  This  change  in  chemistry  is  due  to  the  to  the  change  in 
anionic  speciation  of  the  melt  with  composition. 

Melt  anion  composition  is  controlled  by  two  equilibria  the  first  of  which  is 
analogous  to  the  auto-protolysis  of  water  (13) 

2  AlCU'il)  <r^  Al^CliiO  +  Cr(i)  K  =  1.0  X  10“'^  [l] 

2  Al2Cl/(/)  o  A\,C\,o'{l)  +  A\CU~(r)  K  =  6.3  X  10"'  [2] 

In  basic  melts,  added  aluminum  chloride  is  neutralized  by  reaction  with  the  chloride  anion. 
As  the  mole  ratio  of  the  two  components  approaches  1.0: 1.0  the  Cl"  concentration  drops 
until  the  melt  contains  only  the  AlCV  anion.  Beyond  mole  ratios  of  1.0: 1.0  the  anions 
AICI4',  AljCl,',  and  perhaps  AljCljo'  are  present  in  the  melt.  Just  beyond  a  mole  ratio  of 
1.0: 1.0  the  AljCl/  mole  fraction  is  increasing  and  the  AICI4'  mole  fraction  is  decreasing. 
However,  if  the  mole  ratio  is  increased  to  1.6: 1.0  or  higher  the  AlCV  mole  fraction 
continues  to  drop  and  the  AljClv"  mole  fraction  rolls  over  as  the  Al3Clio’  mole  fiaction 
grows  in. 

Neutral-buffered  chloroaluminate  melts  are  prepared  by  the  addition  of  alkali  metal 
chlorides  (MCI)  to  an  acidic  melt  (13,14).  The  following  reaction  takes  place  when  MCI  is 
added  to  an  acidic  melt: 


Al2Cl7'(/)  +  MC1(5)  ^  2A1C14“(/)  +  M\f)  [3] 


The  melt  that  results  does  not  contain  Al^Clj"  so  it  is  no  longer  described  as  acidic  but 
contains  only  the  A1CI4'  anion  making  the  melt  neutral.  The  electrochemical  window  of 
these  neutral  buffered  melts  is  essentially  the  same  as  that  of  the  neutral  unbuffered  melt. 
The  melts  are  considered  buffered  because  if  an  acidic  species  is  added  to  the  melt  more 
MCI  dissolves  and  reacts  to  bring  the  melt  back  to  neutrality.  If  a  basic  species  is  added  to 

the  melt  the  dissolved  M"^  reacts  to  form  MCI  which  is  insoluble  in  a  neutral  melt  and 
precipitates  out  of  solution.  The  neutral-buffered  melts  have  another  property  which  we 
have  termed  "latent  acidity"  (15,16).  This  is  demonstrated  when  a  weak  Lewis  base  (B:)  is 

added  to  a  neutral-buffered  melt.  If  the  M'''  concentration  exceeds  the  base  concentration 
then  all  of  the  base  forms  an  AICI3  adduct.  This  occurs  because  the  M"*"  reacts  with  the  CT 
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liberated  when  the  AlCV  becomes  an  AICI3  adduct: 

B:(/)  +  AlCU'il)  +  M^(/)  ^  B;Aia3(/)  +  MC1(^)  [4] 

When  the  base  concentration  exceeds  the  concentration  the  adduct  is  only  formed  up  to 
the  M’^  concentration;  the  excess  base  does  not  form  an  AICI3  adduct  (16). 

This  work  further  characterizes  this  unique  chloroaluminate  melt  system  by 
comparing  the  LiCl,  NaCl,  and  KCl  neutral  buffered  melts  to  the  binary  AICI3  /  EMIC 
melts  and  determining  the  Gutmann  acceptor  numbers  and  how  they  vary  with  melt 
composition  for  the  four  systems. 


EXPERIMENTAL 

The  preparation  of  EMIC  has  been  described  elsewhere  (12,17).  The  AICI3  was 
Fluka  purissimo  and  was  purified  as  described  elsewhere  (1).  All  melt  preparation  and 
handling  was  carried  out  in  a  helium-filled  Vacuum  Atmospheres  drybox  with  oxygen  and 
water  levels  less  than  5  ppm.  Melts  were  prepared  by  combining  weighed  portions  of 
AICI3  to  EMIC  in  Quorpak  bottles  to  yield  a  slightly  basic  melt  (0.99:1.00).  The  melts 

were  filtered  with  1  pm  glass  acrodisk  filters.  Proton  impurity  was  removed  using  vacuum 
(4  X  10'^  Torr)  (18).  Oxide  was  removed  by  exposing  the  melt  to  phosgene  twice  and 

proton  was  removed  again  under  vacuum  (4  x  10’^  Torr)  (19).  A  weighed  amount  of  AICI3 
was  then  added  to  a  portion  of  the  basic  melt  to  yield  the  desired  composition.  LiCl 
(Aldrich,  99.994%),  NaCl  (Aldrich,  99.999%),  and  KCl  (Aldrich,  99.999%)  were  dried  at 

400  '’C  under  vacuum  (1  x  10’^  Torr)  for  at  least  3  days.  Buffered  mel^  were  prepared  by 
addition  of  150  weight  percent  of  the  required  metal  chloride  to  the  acidic  melt.  The  weight 

percent  of  metal  chloride  required  to  buffer  the  melt  was  determined  from  the  Al2Cl7' 
concentration  in  the  unbuffered  melt.  The  melt  was  then  allowed  to  stir  for  at  least  24 
hours  while  being  warmed  on  a  stirrer  hot  plate  (=  60  °C).  Triethylphosphine  oxide 

(TEPO)  (Alfa  Chemical)  was  sublimed  under  vacuum  (1  x  10'^  Torr)  from  room 
temperature  to  a  0  °C  trap  prior  to  use  (9).  NMR  tubes  were  prepared  by  first  soaking  in 
50%  HNO3  heated  to  90  °C,  rinsing  with  deionized  water,  soaking  in  a  solution  of  Ae 
tetrasodium  salt  of  EDTA  for  12  hours  at  room  temperature,  and  again  rinsing  with 
deionized  water.  NMR  spectra  were  obtained  with  a  Bruker  AC-300  NMR 

spectrometer  operating  at  121.50  MHz.  The  probe  temperature  was  maintained  at  31.0  ‘G 
and  each  sample  was  allowed  to  equilibrate  while  rotating  at  10  Hz  for  at  least  5  minutes 
prior  to  spectra  being  taken.  Spectra  consisted  of  64  scans  with  a  sweep  width  of  128.6 
ppm  and  a  relaxation  delay  of  2.0  seconds.  An  exponential  multiplication  with  a  line 
broadening  of  2.0  Hz  was  applied  to  the  acquired  free  induction  decay  (FID).  The 
chemical  shift  was  externally  referenced  to  an  85%  phosphoric  acid  in  water  sample 
(0  ppm)  whose  spectrum  was  obtained  using  identical  acquisition  and  processing 
parameters. 

Experiments  were  conducted  to  determine  the  change  in  chemical  shift  of  the 
triethylphosphine  oxide  (TEPO)  versus  the  concentration  of  the  TEPO  in  the  melt.  Four 
melts  were  prepared,  a  1.30:1.00  melt,  a  1.15:1.00  LiCl  buffered  melt,  a  1.30:1.00  NaCl 
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buffered  melt,  and  a  1.30:1.00  KCl  buffered  melt  Each  melt  was  divided  into  six  portions 
and  TEPO  was  added  to  make  5,  10,  25,  50,  100,  and  300  mM  solutions.  The  solutions 
were  allowed  to  stir  for  24  hours  at  «  60  ^  to  ensure  complete  dissolution  of  the  TEPO. 
After  stirring  for  24  hours  the  samples  were  allowed  to  cool  to  room  temperature.  The 
resultant  solution  was  filtered  through  a  0.1  |J.m  PTFE  (Whatman)  filter  disk  (13  mm 
diameter)  using  a  5  mL  syringe  (B&D  tuberculine,  polyethylene,  natural  rubber  latex)  into  a 
9  inch  long  10  mm  Wilmad  NMR  tube  that  had  been  constricted  at  8  inches.  For  the 
buffered  melts  a  tip-off  manifold  was  placed  on  each  tube  and  the  sealed  assembly  was 

removed  from  the  dry  box  and  flame  sealed  under  vacuum  (»  1  x  10'^  Torr).  The 
unbuffered  melts  were  capped  and  sealed  with  parafilm.  ^^P  spectra  were  obtained  for  each 
sample. 


Experiments  were  conducted  to  determine  the  change  in  chemical  shift  of  the  TEPO 
versus  the  melt  composition.  Melt  compositions  of  the  unbuffered  and  of  LiCl,  NaCl,  and 
KCl  buffered  melts  were  made  which  corresponded  to  initial  AlClarEMIC  mole  ratios  of, 
1.05:1.00,  1.10:1.00,  1.15:1.00,  1.20:1.00,  1.30:1.00,  1.40:1.00,  1.50:1.00,  1.70:1.00, 
and  1.90:1.00.  In  addition  an  unbuffered  melt  with  a  mole  ratio  of  0.99:1.00  was 
prepared.  To  each  melt  TEPO  was  added  to  make  10  raM  solutions.  The  solutions  were 
prepared  as  described  above.  ^^P  spectra  were  obtained  for  each  sample. 


Volume  magnetic  susceptibilities  were  determined  using  a  variation  of  Becconsal's 
method  (20,21).  Samples  were  prepared  by  first  flame  sealing  benzene-if6  in  the  inner 
coaxial  tube  from  a  Wilmad  10  mm  coaxial  tube  pair.  In  the  outer  tube  was  placed  the  melt 
of  interest  to  which  approximately  5%  by  weight  of  benzene-^i6  had  been  added.  The  inner 
coaxial  tube  was  slid  into  the  10  mm  NMR  tube  and  the  entire  apparatus  was  then  capped 
and  sealed  with  Parafilm.  These  samples  were  analyzed  in  both  a  Bruker  AC-300  (75.47 
MHz)  and  a  JEOL  FX-90Q  (22.48  MHz)  using  ^^C  NMR.  The  probe  on  each 
spectrometer  was  maintained  at  31  °C.  Samples  were  allowed  to  equilibrate  for  at  least  5 
minutes  while  being  rotated  at  10  Hz  in  the  Bruker  and  15-20  Hz  in  the  JEOL  prior  to 
spectra  being  taken.  Each  spectrometer  was  locked  on  the  benzene-fi?6  in  the  sample. 
Spectra  on  the  Bruker  AC-300  consisted  of  16  scans  with  a  sweep  width  of  161.6  ppm  and 
a  relaxation  delay  of  2.0  seconds.  An  exponential  multiplication  with  a  line  broadening  of 
2.0  Hz  was  applied  to  the  acquired  FID.  Spectra  on  the  JEOL  FX-90Q  consisted  of  64 
scans  on  the  JEOL  KX:-90Q  with  a  sweep  width  of  1 1 1.0  ppm  and  a  relaxation  delay  of  2.0 
seconds.  An  exponential  multiplication  with  a  line  broadening  of  1.0  Hz  was  applied  to  the 
acquired  FID.  The  volume  magnetic  susceptibility  was  then  calculated  from  the  differences 
in^C  chemical  shifts  with  the  two  different  field  axis  between  the  benzene-ii6  in  the  inner 
and  annular  region  of  the  coaxial  pair. 


Safety  Note 

Phosgene  is  an  extremely  toxic  gas  which  should  be  used  with  extreme  caution  (22). 
A  phosgene  detector,  Matheson  Toxic  Gas  Detector  Model  8014LA,  is  used  to  test  for 
leaks  in  the  apparatus  employed  to  remove  oxide  impurities  and  the  apparatus  is  assembled 
in  a  laboratory  hood  (23). 
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RESULTS  AND  DISCUSSION 


NMR  spectra  of  pure  solutions  of  triethylphosphine  oxide  (TEPO)  in  aU  melts 
generally  consisted  of  a  single  line  and  did  not  change  in  the  course  of  several  days. 
Before  we  could  use  the  ^^P  NMR  data  to  determine  the  acceptor  number  we  needed  to 
correct  the  data.  Two  corrections  were  applied  to  the  ^*P  NMR  chemical  shift  data.  The 
first  correction  is  the  extrapolation  of  ^‘P  chemical  shift  to  infinite  dilution  of  TEPO  in  the 
melt  The  second  correction  is  for  the.  contribution  made  to  the  observed  ^  P  chemical  shift 

by  the  volume  bulk  magnetic  susceptibility  (Xv). 

The  effect  of  TEPO  concentration  on  the  ^^P  chemical  shift  was  determined  for  all 
four  melt  types.  The  resultant  data  were  fitted  to  a  linear  equation  and  the  least  squared  fit 
used  to  extrapolate  to  infinite  dilution  (Figure  1  and  Table  I).  Since  the  TEPO 
concentration  used  to  determine  the  acceptor  numbers  was  only  10  mM  the  correction  by 
extrapolating  to  infinite  dilution  of  TEPO  is  only  -  0.005  ppm. 

Correction  for  magnetic  susceptibility  effects  required  additional  experiments  as 
mentioned  above  but  did  result  in  a  much  larger  chemical  shift  correction,  approximately  1 
ppm.  The  magnetic  susceptibility  was  measured  and  the  data  fit  to  a  linear  functiori  (Figure 
2  and  Table  II).  This  resultant  function  was  then  used  to  determine  the  chemical  shift 
correction  necessary  for  each  melt  composition. 

Experiments  were  conducted  in  which  the  melt  composition  was  varied  and  the 
buffering  alkali  metal  chloride  was  varied  as  well.  After  applying  both  corrections  to  the 
observed  chemical  shift  data  the  data  were  converted  into  Gutmann  acceptor  numbers  using 
equation  5: 


AN  =  2,348  X  (SeoRji) 


[5] 


ScoRR  is  the  ^^P  chemical  shift  using  TEPO  in  hexane  as  the  zero  reference  chemical  shift 
(Figures  3  and  4).  It  should  be  noted  that  the  melt  ratio  in  the  neutral  buffered  cases  is  the 
original  melt  ratio  prior  to  addition  of  alkali  halide.  After  buffering  the  only  amon  present 

is  A1C14'  and  the  alkali  metal  composition  is  equal  to  the  original  composition. 


Binary  AlCh/EMIC  Melts 

The  results  for  the  binary  AICI3  /  EMIC  melts  have  been  interpreted  based  upon 
Zawodzinski  and  Osteryoung’s  earlier  results  (11).  They  demonstrated  the  observed 
acceptor  number  in  binary  AICI3  /  EMIC  was  a  function  of  melt  composition.  Our  results 
for  the  binary  melts  are  in  agreement  with  their  prior  work.  In  basic  and  neutral  melts  the 
acceptor  number  is  a  constant  95.8  for  an  AICI3  monoadduct  and  does  not  change.  This 
appears  to  be  due  to  solvent  leveling  (equation 

AlCl4'(/)  +  TEPO(/)  ^  TEPO/AlCl3(/)  +  Cr(/)  [6] 

In  melts  with  acidic  compositions  the  acceptor  numbers  change  due  to  the  formation  of  an 
TEPO  /  2  AICI3  diadduct  due  to  the  strong  Lewis  acidity  of  Al2Cl7‘. 
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TEP0/AlCl3(/)  +  Al^Cl^-CO  TEPO/2AlCl3(/)  +  AlCiaO  [?] 


In  order  to  quantitate  this  observed  phenomenon  the  equilibrium  based  on  Ae  above 
equation  and  the  anionic  mole  fraction  was  calculated  for  each  melt  composition.  The 
monoadduct  and  diadduct  species  are  in  fast  equilibrium  on  the  NMR  timescale,  because 
only  a  single  ^‘P  NMR  peak  is  observed,  so  contributions  from  both  sides  of  the 
equilibrium  (equation  7)  must  be  considered.  The  observed  chemical  shift  is  a  weighted 
average  of  the  concentration  of  the  two  species  multiplied  by  them  respective  chemical 
shifts.  The  acceptor  number  is  directly  related  to  the  ^^P  NMR  chemical  shift  (equation  5). 
Because  significant  contributions  from  Al3Cljo'  are  present  only  in  melt  compositions 
above  =  1.7: 1.0  (AlCl3:EMIC),  melt  compositions  were  calculated  neglecting  the  AljCljo’ 

contributions  and  only  A1C14’  and  Al2Cl7‘  contributions  were  considered.  Fitting  the 
results  to  equation  8  results  in  an  equilibrium  constant,  K  for  equations  7  and  8  of  0.158  ± 
0.008,  an  acceptor  number  of  the  diadduct  of  108.1  ±  0.3,  and  R^  of  0.9993  (Figure  3). 


95.8  Diadduct  Acceptor  Number 


Equilibrium  Constant  x 

AI2CI7" 

- + - 

1. 1 

[AICI4" 

+  1 

AlCli 

Equilibrium  Constant  x  AI2CI7" 

[8] 


Fitting  the  data  to  a  function  that  does  contain  the  Al3Clio'  contributions  simply  results  in 
greater  uncertainty  for  the  equilibrium  constants  and  the  diadduct  acceptor  number.  It 
should  be  noted  that  given  the  data  above  the  maximum  acceptor  number  that  would  be 
theoretically  possible  would  be  ==  108  and  it  should  also  be  noted  that  the  magnitude  of  K 
shows  that  even  at  large  Al2Cl7‘  concentrations  there  is  only  a  small  amount  of  diadduct 
formed.  In  the  presence  of  a  weak  base  such  as  the  TEPO  /  AICI3  monoadduct  AljCly 
does  not  act  as  a  strong  AICI3  donor.  This  is  indicative  of  how  weak  a  base  the  TEPO  / 
AICI3  monoadduct  is. 

To  calculate  the  Gutmann  acceptor  number  (AN)  of  a  binary  melt  of  known 

composition  first  the  [AlCl4‘]  and  [Al2Cl7‘]  anionic  mole  fractions  must  be  calculated  from 
the  melt  ratio  (13).  Taking  these  values  and  simply  substituting  into  equation  9  gives  the 
expected  Gutmann  acceptor  number  for  the  melt. 


AN 


95.8 


108.1 


0.158  AI2CI7 


AICI4"] 


+  1 


[a1C14' 


0.158 


[a12C17“ 


+  1 


[9] 


Neutral  Buffered  Melts 

The  determination  of  the  acceptor  numbers  for  the  alkali  metal  neutral  buffered 
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melts  was  completed  in  the  same  fashion  as  those  for  the  binary  melts  using  ^nation  5. 
Attempts  to  model  the  neutral  buffered  melts  using  a  method  analogous  to  the  binary  melts 
have  been  unsuccessful.  However,  the  plot  of  acceptor  number  versus  the  melt  ratio  of 
AlClsiEMIC  prior  to  buffering  is  linear.  It  is  important  to  remember  the  melt  ratio  prior  to 
buffering  corresponds  to  the  alkali  metal  cation  concentration  in  the  buffered  melt.  'Hie 
linear  functions  result  in  very  good  fits  of  0.9981,  0.9982,  and  0.9888  for  the  LiCl, 
NaCl,  and  KCi  buffered  melts  respectively  (Figure  4  and  Table  III).  Using  the  linear 
functions  for  each  of  the  three  types  of  buffered  melts  the  acceptor  numbers  can  be 
predicted. 


CONCLUSIONS 

These  results  characterize  the  Gutmann  acceptor  numbers  of  the  AICI3  /EMIC  melts 
as  well  as  their  alkali  metal  neutral  buffered  counterparts.  The  binary  AICI3  /  EMIC  melts 
have  been  fitted  to  the  equilibrium  expression  derived  from  tihe  model  in  which 
triethylphosphine  oxide  forms  an  AICI3  diadduct  with  an  acceptor  number  of  108. 1.  This 
expression  allows  us  to  predict  the  Gutmann  acceptor  number  of  binary  AICI3  /  EMIC 
melts. 


The  alkali  metal  chloride  neutral  buffered  melts  Gutmann  acceptor  number  can  be 
predicted  using  a  linear  fit  The  LiCl  neutral  buffered  melts  show  the  greatest  Lewis  acidity 
followed  by  the  NaCl  and  then  the  KCI  buffered  melts.  This  data  indicates  the  potassium 
chloride  neutral  buffered  melt  is  more  Lewis  acidic  than  its  binary  counterpart  up  to  an 
AlCl3:EMIC  mole  ratio  of  1.3: 1.0;  for  the  sodium  chloride  neutral  buffered  melt  this  ratio  is 
1.6: 1.0  while  for  the  lithium  chloride  it  is  1.7: 1.0.  These  results  provide  insight  into  the 
differences  between  the  unbuffered  and  alkali  metal  buffered  melts  as  well  and  between  the 
different  alkali  buffered  melts  themselves. 
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TABLE  I.  NMR  Chemical  Shift  Dependence  on  TEPO  Concentration 


^^P  NMR  Shift  (ppm)  =  M  x  TEPO  (mM)J  +  B 


Melt 

M 

B 

Unbuffered 

-4.4xl0"‘±2xl0'' 

82.798  ±  0.003 

LiCl  Buffered 

-5.3  xl0-^± 3x10-' 

82.781  ±  0.003 

NaCl  Buffered 

-4.4xl0"'±2xl0-' 

82.989  ±  0.002 

KCl  Buffered 

-5x10^+1x10"^ 

82.90  ±  0.01 

TABLE  n.  Volume  Bulk  Magnetic  Susceptibility  of  Melts 


Magnetic  Susceptibility  (x  10^]  =  M  x  Melt  Ratio  +  B 


Melt 

M 

B 

Unbuffered 

-0.034  ±  0.003 

-0.759  ±  0.004 

LiCl  Buffered 

-0.051  ±  0.003 

-0.745  ±  0.004 

NaCI  Buffered 

-0.031  ±  0.006 

-0.769  ±  0.008 

KCl  Buffered 

-0.09  +  0.06 

-0.69  ±  0.06 

TABLE  in.  Gutmann  Acceptor  Numbers  of  Alkali  Metal  Chloride  Neutral  Buffered  Melts 
AN  =  M  X  Melt  Ratio  +  B 


M 

B 

R2 

LiCl 

4.97  +  0.08 

90.8  +  0.1 

0.9981 

NaCl 

3.70  ±  0.06 

92.28  ±  0.08 

0.9982 

KCl 

2.5  ±0.1 

93.4  ±  0.1 

0.9888 

Electrochemical  Society  Proceedings  Volume  96-7 


111 


REFERENCES 


1 .  R.  J.  Gale  and  R.  A.  Osteryoung,  in  Molten  Salt  Techniques,  Vol  1,  D.  G.  Lovering 
and  R.  J.  Gale,  Editors,  p.  55,  Plenum:  New  York  (1983). 

2 .  C.  L.  Hussey,  in  Advances  in  Molten  Salt  Chemistry,  Vol  5,  G.  Mamantov,  Editor, 
p.l85,  Elsevier  Science  Publishers,  Amsterdam  (1983). 

3.  R.  A.  Osteryoung,  in  Molten  Salt  Techniques,  Vol  202,  G.  Mamantov  and  R. 
Marassi,  Editors,  p.  329,  NATO  ASI  Series  C;  Reidel:  Dordrecht,  The  Netherlands 
(1986). 

4.  C.  L.  Hussey,  Pure  Appl.  Chem.,  60,  1763  (1988). 

5.  J.  S.  Wilkes,  J.  A,  Levisky,  R.  A.  Wilson  and  C.  L.  Hussey,  Inorg.  Chem.,  21, 
1263  (1982). 

6.  A.  A.  Fannin,  Jr.,  D.  A.  Floreani,  L.  A.  King,  J.  S.  Sanders,  B.  J.  Piersma,  D.  J. 
Stech,  R.  L.  Vaughn,  J.  S.  Wilkes  and  J.  L.  Williams,  J.  Phys.  Chem.,  88,  2614 
(1984). 

7.  D.  Roreani,  D.  Stech,  J.  Wilkes,  J.  Williams,  B.  Piersma,  L.  King  ^d  R.  Vaughn, 
in  Proc.  30th  Power  Sources  Symp.,  p.  84,  The  Electrochemical  Society:  Pennington 
NJ  (1982). 

8 .  V.  Gutmann,  The  Donor- Acceptor  Approach  to  Molecular  Interactions;  Plenum 
Press,  New  York,  (1978). 

9.  U.  Mayer,  V.  Gutmann  and  W.  Gerger,  Mh.  Chem.,  106,  1235  (1975). 

10.  V.  Gutmann,  Electrochemica  Acta.,  21,  662  (1976). 

11.  T.  A.  Zawodzinski,  Jr.  and  R.  A.  Osteryoung,  Inorg.  Chem.,  28,  1710,  (1989). 

12.  J.  S.  Wilkes,  J.  A.  Levisky,  R.  A.  Wilson  and  C.  L.  Hussey,  Inorg.  Chem.,  21, 
1263  (1982). 

13.  T.  J.  Melton,  J.  Joyce,  J.  T.  Maloy,  J.  A.  Boon  and  J  .  S.  Wilkes,  J.  Electrochem. 
Soc.,  137,  3865  (1990). 

14.  C  Scordilis-Kelley,  J.  Fuller,  R.  T.  Carlin  and  J.  S.  Wilkes,  J.  Electrochem.  Soc., 
139,  694  (1992). 

15.  I.  C.  Quarmby  and  R.  A.  Osteryoung,  J.  Am.  Chem.  Soc.,  116,  2649  (1994). 

16.  I.  C.  Quarmby,  R.  A.  Mantz  and  R.  A.  Osteryoung,  Anal.  Chem.,  66,  3558 
(1994). 


Electrochemical  Society  Proceedings  Volume  96-7 


112 


17.  P.  C.  Trulove  and  R.  A.  Osteryoung,  Inorg.  Chem.,  31,  3980  (1992). 

18  T  A  Zawodzinski,  Jr.,  R.  T.  Carlin  and  R.  A.  Osteryoung,  Anal  Chem.,  59,  2639 
(1987). 

19.  1.  W.  Sun,  E.  H.  Ward  and  C.  L.  Hussey,  Inorg.  Chem.,  26  4309  (1987). 

20  J  K  Becconsal,  G.  D.  Daves,  Jr.  and  W.  R.  Anderson,  Jr.,  J.  Am.  Chem.  Soc., 
92,  430  (1970). 

21.  E,  D.  Becker,  High  Resolution  NMR:  Theory  and  Chemical  Applications,  2nd  ed., 
p.  59,  Academic  Press,  New  York,  (1980). 

22.  The  Merk  Index,  11th  ed.,  S.  Budavari,  M.  J.  O’Neil,  A.  Srmth  and  P.  E. 
Heckelman,  Editors,  p.  1165,  Merk  &  Co.,  Rahway,  NJ  (1989). 

23.  M.  A.  Noel,  P.  C.  Trulove  and  R.  A.  Osteryoung,  Anal.  Chem.,  63,  2892  (1991). 


Electrochemical  Society  Proceedings  Volume  96-7 


113 


83.00 

82.95 

I  82.90 

a. 

82.85 
w  82.80 
S  82.75 

a 

^  82.70 

U 

82.65 
82.60 

0  50  100  150  200  250  300  350 

Concentration  of  Triethylphosphine  Oxide  (mM) 

Figure  1.  NMR  chemical  shift  dependence  of  triethylphosphine  oxide  upon  the 
concentration  of  triethylphosphine  oxide  in  the  melt. 
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Figure  2.  Volume  bulk  magnetic  susceptibility  of  LiCl  neutral  buffered  AiClj  /  EMIC  ionic 
liquid. 


Electrochemical  Society  Proceedings  Volume  96-7 


114 


Acceptor  Number  3  Acceptor  Number 


103 


102 

.  * 

1 

/ 

101 

100 

99 

1 

- 

'/ 

. . 

1 

. 4 

98 

97 

■  i 

i  j©  1 

!7 .  1 

96 

.  i 

i  ,  ■  .  ..1 

■  .  ■  1 

»  J - 1 — 

95 

1 

.0  1.2  1.4  1.6  1.8 

Melt  Ratio  (Aluminum  ChloridetEMIC) 


3  Dependence  of  the  Gutmann  acceptor  number  for  binary  melts  upon  the  mole 
ratio  of  AICI3  to  EMIC.  Points  are  experimental  data  while  the  line  is  the  tit 
from  equation  9. 


Melt  Ratio  (Aluminum  ChlorideiEMIC) 

Prior  to  Buffering  with  MCI 

Figure  4.  Dependence  of  the  Gutmann  acceptor  number  for  alkali  metal  chloride  neutr^ 
buffered  melts  upon  the  mole  ratio  of  AICI3  to  EMIC.  (Note:  This  is  the  mole 
ratio  prior  to  buffering.  During  buffering  the  Al^CV  anions  react  with  an  equal 
number  of  alkali  metal  chlorides.) 
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ELECTROCHEMICAL  STUDIES  OF  ACYL  HALIDE  REDUCTION 
IN  A  ROOM-TEMPERATURE  MOLTEN  SALT 

Graham  T.  Cheek 
Chemistry  Department,  Stop  9b 
United  States  Naval  Academy 
572  Holloway  Road 
Annapolis  MD  21402-5026 

ABSTRACT 

The  electrochemical  reduction  of  benzoyl  chloride  has  been  studied  in  both 
the  aluminum  chloride  :  EMIC  molten  salt  and  the  acetonitrile  /  LiAlCl4 
sovlent  systems.  In  both  systems,  electrolysis  at  mercury  cathodes  results 
in  the  formation  of  low  (<10%)  yields  of  benzaldehyde,  similar  to  behavior 
seen  in  acetonitrile/tetraalkylammonium  perchlorate  systems.  Filming 
behavior  was  evident  at  mercury  in  the  molten  salt  system  by  observation  of 
maxima  in  the  voltammograms. 


INTRODUCTION 

The  electrochemical  reduction  of  acyl  halides  in  nonaqueous  solvents  has  been  the 
subject  of  extensive  investigation  recently.  From  initial  reports  of  ester  products  formed 
at  mercury  (1)  and  carbon  (2)  electrodes,  more  detailed  investigations  revealed  other 
pathways  leading  to  aldehyde  formation  (3).  The  initial  electrochemical  event  in  these 
reductions  involves  elimination  of  chloride  from  the  reduced  acyl  halide,  followed  by 
various  reactions  leading  to  the  observed  products  .  This  chloride  elimination  during  the 
reduction  process  lends  itself  to  study  in  room-temperature  chloroaluminate  systems,  in 
which  the  chloride  level  can  be  varied  over  many  orders  of  magnitude  (4).  The  aluminum 
chloride  :  l-ethyl-3-methylimidazolium  chloride  (EMIC)  system  has  been  specifically 
chosen  as  a  useflil  molten  salt  system  in  which  to  carry  out  these  investigations. 

EXPERIMENTAL 

The  melt  components,  EMIC  and  AICI3,  were  prepared  and  purified  as  described 
elsewhere  (5).  Experiments  in  acetonitrile  (AN)  were  carried  out  in  solutions  prepared  by 
addition  of  LiAlCl4  (Lithco)  to  AN  (Burdick  and  Jackson)  which  was  dried  by  passage 
through  alumina. 

All  electrochemical  experiments  were  carried  out  in  a  Vacuum  Atmospheres  drybox 
under  argon.  Cyclic  voltammetric  scans  were  performed  using  a  PAR  I74A  Polarographic 
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Analyzer,  with  a  BAS  CV27B  as  waveform  generator.  A  PARC  273  instrument  was  used 
for  preparative  electrolyses. 

Products  formed  in  electrolysis  experiments  in  the  molten  salt  were  isolated  by 
extraction  in  the  drybox  with  pentane  to  extract  neutral  compounds  from  the  melt,  and  by 
hydrolyzing  the  melt  with  water  outside  the  drybox  followed  by  extraction  with  benzene 
for  other  products.  Similar  procedures  were  used  for  the  AN/LiAlCl4  system.  Structures 
of  electrolysis  products  were  determined  by  GC/MS  or  liquid  chromatography. 


RESULTS  AND  DISCUSSION 
Experiments  in  EMIC  System 

As  mentioned  in  the  Introduction,  the  elimination  of  chloride  ion  during  reduction  of 
acyl  halides  invites  study  in  chloroaluminate  molten  salt  systems.  The  high  concentrations 
of  chloride  available  in  basic  systems  may  enhance  the  stability  of  the  initially  formed  anion 
radical.  Pure  EMIC,  which  provides  the  highest  molar  concentration  of  chloride  in  this 
system,  can  be  used  as  a  solvent  at  lOOX  (above  its  melting  point).  Figure  1  presents  a 
cyclic  voltammogram  of  benzoyl  chloride  in  pure  EMIC  at  100  mV/s.  As  can  be  seen,  the 
reduction  process  is  not  reversible,  there  being  no  current  on  the  return  sweep  in  the 
-1.35  V  region.  The  acyl  radical  is  apparently  so  short-lived  that,  even  with  chloride  ions 
several  angstroms  away,  no  current  due  to  oxidation  back  to  benzoyl  chloride  is  observed 
on  the  return  sweep.  A  product  is  apparently  formed,  as  indicated  by  the  peak  at  -2.0  V. 
This  is  similar  to  the  situation  in  acetonitrile  (2),  in  which  diester  products  were  formed. 
Due  to  electrode  filming  problems,  no  further  studies  were  carried  out  in  this  medium. 

In  the  aluminum  chloride:EMIC  molten  salt  system,  initial  studies  were  carried  out  in 
the  basic  melt  (0.8  :  1.0  composition),  giving  results  similar  to  those  obtained  in  pure 
EMIC.  Following  reduction  at  -1.35  V  (Ep),  the  product  peak  at  -  2,0  V  appears  again 
(although  smaller),  as  shown  in  Figure  2,  and  filming  was  also  observed  after  passage 
through  the  reduction  process.  In  an  attempt  to  make  the  system  more  acidic,  aluminum 
chloride  was  added  to  the  basic  melt,  resulting  in  the  immediate  formation  of  a  bright 
violet  color,  changing  to  gray  after  approximately  an  hour.  After  all  of  the  aluminum 
chloride  had  dissolved,  a  cyclic  voltammogram  revealed  very  little  activity;  however, 
addition  of  more  benzoyl  chloride  resulted  in  the  appearance  of  a  peak  at  -0.35  V.  These 
observations  suggest  that  benzoyl  chloride  reacts  by  direct  contact  with  the  aluminum 
chloride  as  it  dissolves,  and  that  benzoyl  chloride  is  relatively  stable  in  the  acidic  melt,  in 
which  AljCl,'  is  the  acidic  species.  The  shift  in  reduction  potential  (1.15  V)  is  consistent 
with  that  seen  for  other  carbonyl  compounds  as  they  undergo  complexation  by  aluminum 
chloride  in  the  acidic  melt  (6).  It  appears,  then,  that  benzoyl  chloride  can  undergo 
complexation  at  the  carbonyl  oxygen,  and  that  the  acidic  melt  is  not  sufficiently  acidic  to 


Electrochemical  Society  Proceedings  Volume  96-7 


117 


cause  the  removal  of  chloride  from  the  molecule.  The  reduction  of  benzoyl  chloride  in  the 
acidic  melt,  as  in  the  basic  melt,  is  irreversible. 

In  order  to  identify  the  products  formed  in  benzoyl  chloride  electrolysis,  a  preparative 
electrolysis  at  vitreous  carbon  was  attempted,  but  filming  of  the  electrode  soon  resulted 
in  very  low  currents.  Initial  studies  at  mercury  proved  promising,  so  it  was  used  in 
preparative  electrolyses  of  benzoyl  chloride.  Cyclic  voltammograms  at  a  hanging  drop 
mercury  electrode  (HMDE)  at  concentrations  below  15  mM  showed  a  reduction  process 
at  -1.35  V  similar  to  that  seen  at  vitreous  carbon  (Figure  3).  For  concentrations  above  this 
point,  however,  fluctuations  in  current  began  to  appear  in  the  voltammograms,  in  a  manner 
consistent  with  maxima  of  the  third  kind  (7).  In  such  cases,  sections  of  an  adsorbed  film 
undergo  movement  across  the  electrode  surface,  generating  motion  in  the  adjacent  solution 
layer  and  increasing  the  current  level  as  a  result.  From  these  observations,  it  is  evident  that 
filming  occurs  at  mercury,  at  least  above  15  mM,  but  it  does  not  appear  to  completely 
passivate  the  surface. 

Preparative  electrolysis  of  benzoyl  chloride  (40  mM)  at  a  mercury  pool  electrode  was 
carried  out  at  -1.35  V  (foot  of  the  reduction  process),  providing  sustained  currents 
sufficient  to  allow  completion  of  the  electrolysis  in  2  hours.  Coulometric  measurements 
gave  an  n-value  of  1.1  for  benzoyl  chloride  reduction.  Pentane  extraction  of  the 
electrolysis  melt  gave  very  little  material,  and  extraction  of  the  hydrolyzed  melt  with 
benzene  gave  a  7%  yield  of  benzaldehyde  and  approximately  the  same  amount  of  benzyl 
alcohol  (by  GC/MS).  Liquid  chromatography  was  used  to  confirm  that  the  diesters 
commonly  produced  in  other  solvents  are  not  formed  in  this  case. 

Experiments  in  Acetonitrile  /  LiAlCl4  System 

Similar  studies  were  carried  out  in  acetonitrile  /  Li  AICI4  mixtures,  which  also  provide 
a  chloroaluminate  solvent  system.  Very  little  work  has  been  carried  out  using  these 
systems  as  solvents,  but  previous  work  has  shown  that  aluminum  chloride  reacts  with 
acetonitrile  (AN)  to  produce  an  acidic  species  AI(AN)jCl^"^  and  AICI4  ions  (8).  In  the 
present  work,  the  basic  solvent  regime  has  been  employed  by  adding  LiAlCl4  (with  a 
slight  excess  of  LiCl)  to  AN.  In  this  way,  it  is  hoped  that  the  effects  of  interaction  with 
Lewis  acids  can  be  studied  in  an  experimentally  more  convenient  system. 

Figure  4  shows  cyclic  voltammograms  for  benzoyl  chloride  (17  mM)  reduction  in  the 
AN/LiAlCl4  system,  at  both  vitreous  carbon  and  mercury  electrodes.  It  is  apparent  that 
the  pathway  here  is  different  from  that  in  the  molten  salt  above,  there  being  little  evidence 
of  a  product  wave  in  the  voltammograms.  As  in  the  molten  salt,  a  preparative  electrolysis 
at  vitreous  carbon  was  halted  because  severe  filming  soon  produced  very  low  current 
levels.  A  preparative  electrolysis  at  a  mercury  pool,  however,  proved  to  be  very 
interesting,  resulting  in  a  period  of  high  current  density  followed  by  the  breakup  of  the 
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mercury  pool  into  smaller  droplets.  At  this  point,  the  current  decreased  substantially  and 
the  electrolysis  mixture  was  investigated  for  product  identification.  GC/MS  of  the  solution 
still  showed  some  benzoyl  chloride  with  a  small  amount  of  benzaldehyde  as  product. 
Perhaps  the  most  interesting  aspect  of  this  electrolysis  was  discovered  upon  contacting  the 
mercury  pool  with  water  during  workup.  Upon  contact,  the  mercury  droplets  soon 
coalesced  into  a  single  pool,  implying  that  some  surface  product  had  reacted,  thereby 
reducing  surface  tension  and  allowing  the  pool  to  reform.  Benzene  extract  of  the  aqueous 
solution  showed  that  benzil  (overall  yield,  1%)  was  present.  Considering  that  benzil  is 
soluble  in  acetonitrile,  it  is  likely  that  the  adsorption  of  the  reduced  form  of  benzil,  or  its 
lithium  or  aluminum  salt,  is  responsible  for  the  strange  behavior  of  the  mercury  pool  during 
the  electrolysis.  This  finding  is  significant  because  benzil  has  been  proposed  as  an 
intermediate  in  benzoyl  chloride  reduction  in  other  solvents,  in  which  it  immediately  reacts 
with  benzoyl  chloride  to  form  ester  products.  Its  reduced  form  is  apparently  stabilized  in 
the  present  system  because  of  complexation  by  either  lithium  or  aluminum  ions  in  the 
solvent.  Further  studies  are  planned  to  ascertain  which  cation  is  responsible  for  this 
behavior. 


CONCLUSIONS 

The  results  of  electrolyses  in  the  molten  salt  system  can  be  compared  with  other  work 
carried  out  at  mercury  in  acetonitrile  /  tetraalkylammonium  perchlorates  (9).  In  the  latter 
system,  similar  yields  of  benzaldehyde  (6  - 17%)  were  observed,  depending  on  electrolysis 
potential  and  supporting  electrolyte.  The  remaining  product  mixture  is  dominated  by 
stilbenediol  dibenzoate  diesters,  which  are  apparently  not  formed  in  the  molten  salt  system. 
It  is  possible  that  complexation  of  intermediates  potentially  leading  to  diester  formation 
causes  their  destruction  to  indeterminate  products  in  the  molten  salt.  It  is  interesting  that 
the  amount  of  benzaldehyde  is  similar  in  both  systems.  This  result  implies  that  abstraction 
of  a  proton  (or  hydrogen  radical)  from  the  solvent  system  to  form  benzaldehyde  has  the 
same  importance  in  both  systems  relative  to  coupling  reactions  between  benzoyl  radicals. 

In  the  acetonitrile  /  LiAlCli  system,  formation  of  benzaldehyde  also  occurs  to  a  minor 
extent.  The  most  interesting  observation  here  is  that  the  pathway  to  diester  production 
can  be  stopped  at  the  initial  coupling  product  (benzil  formation),  although  this  product, 
in  some  form,  is  adsorbed  on  the  mercury  electrode  surface.  This  behavior  may  be  due  to 
complexation  of  a  benzil  reduction  product  by  either  aluminum  or  lithium  ions,  causing  it 
to  precipitate  from  solution  onto  the  electrode  surface. 


Electrochemical  Society  Proceedings  Volume  96-7 


119 


REFERENCES 


1.  A.  Guirado,  F.  Barba,  C,  Manzanera,  and  M.D.  Velasco,  J.  Org.  Chem.,  47,  142 
(1982). 

2.  G.T.  Cheek  and  P.A.  Horine,  J.  Electrochem.  Soc.,  131,  1796  (1984). 

3.  M.S.  Mubarak,  J.  Electroanal.  Chem.,  394,  239  (1995)  and  references  therein. 

4.  A.A.  Fannin,  Jr.,  L.A.  King,  J.A.  Levisky,  and  J.S.  Wilkes,  J.  Phys.  Chem.,  88,  2609 
(1984). 

5.  M.AM.  Noel,  P.C.  Trulove,  and  R.A.  Osteryoung,  Anal.  Chem.,  63,  2892  (1991). 

6.  G.T.  Cheek,  in  Eighth  International  Symposium  on  Molten  Salts,  R.J.  Gale,  G. 
Blomgren,  and  H.  Kojima,  PV  92-16,  p.  426,  The  Electrochemical  Society  Softbound 

Proceedings  Series,  Pennington,  NJ  (1992). 

7.  B.-L.  Johansson  and  B.  Persson,  Anal.  Chim.  Acta,  102,  121  (1978). 

8.  J.A.K.  Howard  and  L.E.  Smart,  J.  Chem.  Society  Chem.  Commun.,  1976,  477. 

9.  G.A.  Urove,  M  S.  Mubarak  and  D.G.  Peters,  in  R.D.  Little  and  N.L.  Weinberg  (Eds.), 
Electroorganic  Synthesis,  Marcel  Dekker,  New  York,  1991,  pp.  91-98. 


Electrochemical  Society  Proceedings  Volume  96-7 


120 


Figure  1.  Cyclic  voltammogram  of  71  mM  benzoyl  chloride  in  molten 
carbon. 

Scan  rate  =  100  mV/s  Temperature  100°C 
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E,  V  vs  AL  (2:1  acidic  melt) 

Figure  2.  Cyclic  voltammograms  in  AICI3 :  EMIC  molten  salt. 
Scan  rate  =  100  mV/s  Temperature  25°C 


(a )  18  mM  benzoyl  chloride  in  0.8  :  1.0  basic  melt 
(b  )  addition  of  AICI3  to  solution  (a  ) 

(c )  15  mM  benzoyl  chloride  in  acidic  melt 
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-0.50  -1.00  -1.50  -2.00 

E,  V  vs  Al/2:1  acidic  melt 


Figure  3.  Cyclic  voltammograms  of  benzoyl  chloride  in  0.8  ;  1.0  basic  melt, 

at  mercury  drop  (1  pL).  Scan  rate  =  100  mV/s  Temperature  =  25  C 

(a  )  7.5  mM  benzoyl  chloride 
(b  )  25  mM  benzoyl  chloride 
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Figure  4.  Cyclic  voltammograms  of  benzoyl  chloride  (14  mM  )  in  0. 1  M  LiAlCl4  solution. 
Scan  rate  =  100  mV/s  Temperature  =  25°C 

(a  )  at  mercury  drop  ( 1  pL  ) 

(b  )  at  vitreous  carbon 
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ABSTRACT 

Electrical  conductivity,  viscosity,  density  of  binary  mixtures 
of  pyridinium  and  a-picolinium  chlorides  (PyHCI  and  a- 
PicHCI)  were  measured  isothermally  as  a  function  of 
temperature  at  fixed  compositions,  transition  phase 
temperatures,  Tg  and  Tm  were  measured  by  DSC  and  IR 
spectra  were  obtained.  The  system  shows  glass  formation 
in  the  range  x  =  0.3-1 .0  a-PicHCl.  Tg  values  slightly  increase 
with  the  content  in  a-picoiinium  chloride.  Arrhenius 
behaviour  and  thermal  stability  show  that  these  binary 
mixtures  are  fragile.  The  analysis  of  cohesion  energy  and 
the  similarity  of  the  two  components  support  the  existence 
of  pre-polymer-in-satt  electrolyte  in  both  upper  and  tower 
limits  of  the  range  of  compositions,  without  segmental 
motion.  The  fragility  of  the  systems  increases  as  a-PicHCI  is 
added  to  the  pure  organic  salt  without  ring-CHs.  This 
corroborates  the  presence  of  ionic  species  like 
[PirH...Cl...HPirr,  [a-PicH...Cl...HPic-af  and  higher  bonding 
systems. 


INTRODUCTION 

Pyridinium  and  a-picolinium  chlorides  which  are  salts  formed  from  Lowry- 
Bronsted  acid-base  reaction  between  pyridine  or  a-picoline  and  hydrogen 
chloride  are  utilized  in  a  study  of  chloride  ion  and  proton  transfer  equilibria.  The 
binary  molten  chloride  systems  containing  two  common  components  which 
have  low  melting  points,  supercools  readily,  and  functions  as  good  chloride 
donors.  This  combination  of  properties  maximises  the  stability  and  definition  of 
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any  complex  grouping  which  form  in  the  binary  systems.  Also,  these  media  can 
b0  seen  as  a  precursor  (lower  limit)  of  the  " pre-poly mer-in-salt  electrolyte  (1) 
since  these  components  are  assumed  to  exist  as  dimers,  when  isolated,  despite 
the  differences  in  the  electrical  conductivity.  a-Picolinium  chloride  differs  from 
the  pyridinium  chloride  only  by  the  addition  of  a  methyl  group  in  the  a^ing 
position.  The  modification  towers  the  melting  point  considerably  (from  144  C  to 
90.5‘^C)  and  thereby  confers  very  useful  glassforming  ability  both  on  the  pure 
salt  and  on  wide  composition  ranges  of  its  binary  solutions. 

PyrHCI  and  a-picHCI  function  as  strong  Lewis  base  solvents  with  many  inorganic 
salts  and  with  HCI.  In  this  case,  it  seems  that  the  compound  formation  might  be 
due  to  hydrogen  bonding  between  the  extra  HCI  and  the  7c-cloud  of  the 
pyridinium  cation.  As  will  be  seen,  PyrHCI  is  also  soluble  in  pyridine.  There  is  a 
variety  of  possible  molecule-molecule  and  ion-molecule  interactions  in  this 

system. 

Hence,  in  molten  PyHCI  itself,  the  proton  exchange  freely  between  Pyr  and  Cr 
entities,  and  contributes  much  of  the  high  electrical  conductivity  of  this  liquid. 
This  is  less  effective  in  the  case  of  a-PicHCI  because  of  steric  hindrance  to 
rotation  by  the  a-CHa  group  in  the  organic  chloride,  and  may 
explain  the  difference  in  conductivity  between  the  two  hydrochlorides  at  146,5 
oC,  with  Ac  =  0.0576  S  cm-’. 

Also,  the  Arrhenius  behaviour  and  thermal  stability  of  these  organic  systems  in 
addition  with  its  glass  forming  features  permit  to  conclude  that  these  binary 
mixtures  are  fragile  (2) . 


EXPERIMENTAL 

a-PicHCI  was  prepared  and  purified  as  before  (3),  for  PyrHCI  the  method  of 
Audrieth  was  followed  by  the  same  purification  as  the  methylic  compound. 

The  binary  mixtures  were  prepared  under  inert  conditions.  Electrical  conductivity 
and  viscosity  were  measured  isothermally  as  a  function  of  tempera  ure  at  fixed 
compositions.  Density  was  measured  isothermally  and  determined  (4)  for  each 
composition.  The  instrumental  methods  to  measure  transport  properties  were 
previously  reported  and  all  transfer  operations  were  performed  in  inert 
atmosphere  of  dry  nitrogen  (5).  Transition  phase  temperatures,  Tg  and  Tn.  were 
measured  by  DSC  and  IR  spectra. 


RESULTS  and  DISCUSSION 

The  temperature  range  of  the  measurements  was  50-185  °C.  Froim  the  density 
data  the  molar  volumes  of  the  binary  mixtures  were  calculated.  The  molar 
volumes  Vm  is  defined  by  Vm  =  (2  XiMi)/p,  where  Mi  and  xi  are  the  molar  mass 
and  fraction  respectively  of  component  “  i  Figure  1  and  figure  2  show  the 
variation  of  molar  volume  with  temperature  and  composition  respectively. 
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Figure  3  and  figure  4  present  Arrhenius  behavior  and  isotherms  of  electrical 
conductivity.  The  Arrhenius  plot  and  isotherms  for  viscosity  are  shown  in  figures  5 
and  6. 

The  phase  diagram  plotted  in  figure  7,  present  a  simple  eutectic.  This  point 
occurs  for  the  composition  X=29%  pyrHCI  and  T=48°C..  Comparing  with  the 
binary  systems  QHCI  and  y-picHCI  in  a-picHCI(6),  the  diagram  is  similar  to  those 
with  an  intermediate  value  of  that  eutectics.  In  figure  7,  is  also  shown  glass 
transition  temperature  Tg,  and  values  of  the  ideal  glass  transition  temperature  To. 
For  each  system  the  conductivity  -  temperature  and  viscosity  -  temperature 
data  were  fitted  to  equations,  by  the  method  of  least  squares.  The  computer 
program  did  a  linear  least  squares  fit  to  the  logarithm  form  of  the  VTF  equation 

In  W  =  A-(B/{T-To)) 

for  a  given  value  of  To,  in  a  range  of  temperatures,  given  the  increments  for 
successive  To  values.  W  is  a  transpot  property  and  A  and  B  are  constants.  The 
value  of  To  which  corresponds  to  the  mininum  in  the  root  mean  square  deviation 
is  adopted  for  each  property  and  each  system. 

Hence,  T  and  T^  for  the  present  system  show  monotonic  decrease  as  we  add 
PyrHCI.  However,  for  values  above  70%  of  pyridinium  chloride,  T^  collapse  but 
the  extrapolate  value  is  -46,50C.  Comparing  with  the  quinoiinium  chloride 
containing  system  both  glass  transition  temperatures,  Tg  and  To  present  a 
minimum  for  composition  5,3%  and  then  a  systematic  increase  up  to  the  pure 
QHCI,  but  below  40%  in  a-PicHCI,  the  binary  system  does  not  show  Tg  values.  The 
pyridinium  chloride,  quinoiinium  chloride,  p-  and  y-picolinium  chloride  are 
nonglass  forming  systems  (6). 

The  system  shows  glass  formation  in  the  range  x  =  0.3- 1.0  a-PicHCl.  Tg  values 
slightly  increase  with  the  content  in  a-picoiinium  chloride,  contrasting  with  the 
structural  changes  in  the  case  of  the  system  in  which  a-picolinium  chloride  is 
added  to  quinoiinium  chloride(6).  Here  the  addition  of  a-picolinium  chloride 
makes  a  decrease  in  Tg,  revealing  different  effect  on  cohesion  energy  of  the 
system.  This  is  in  agreement  with  the  values  of  To.  The  analysis  of  cohesion  energy 
and  the  similarity  of  the  two  components  support  the  existence  of  pre-polymer- 
in-salt  electrolyte  in  both  upper  and  lower  limits  of  the  range  of  compositions, 
without  segmental  motion. 

A  PMR  investigation  of  the  system  pyridinium  chloride  (PyrHCI)  +  HCI  showed 
that  there  exists  a  strong  hydrogen  bonding  interaction  between  the  PyrH'*' 
cation  and  Cl"  anion  in  molten  PyrHCI  (7).  The  >NH+  signals  in  both  pure  PyrHCI 
and  a-PicHCt  were  observed  as  sharp  singlets,  -13.45  ppm  and  -13.35  ppm 
respectively.  a-PicHCI,  did  seem  to  have  a  temperature  dependence  of 
.0016ppm/oc  over  the  temperature  range  89-1 50^C.  but  PyrHCI  no.  Also,  to 
support  the  melt  as  ionic,  and  it  must  be,  they  (7  )  suggest  a  mobile  equilibrium, 
described  formally  as 


PyrH+  -f-  Cl'  PyrHCI  o  Pyr  +  HCI, 
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and 

a-PicH^  +  Ch  o  a-PicHCI  o  a-Pic  +  HCI. 

The  free  proton  exchange  involved  suggests  a  large  protonic  contribuition  to  the 
electrical  conductuvity,  by  Grotthus  and/or  by  hopping  mechanism.  Unusually 
high  electrical  conductivity  of  the  PyrHCI  when  compared  with  related  organic 
salts  like  a-picHCl.  In  addition,  an  interesting  contribution  of  Ch  is  also  to  be 
considered.  Figure  9  shows  the  IR  spectra  of  a-picHCI  and  three  different 
samples. 

Which  concerns  to  the  IR  spectra  of  the  binary  system  we  have  a  common 
anion  in  both  compounds,  in  addition,  a-PicHCI  has  the  -CH3  group  and  the 
pyridinium  ion  has  the  extra  hydrogen  atom  not  present  in  pyridine,  the  species 
should  have  additional  fundamentals  in  the  IR  spectrum.  This  ion  gives  a  band  at 
approximately  1540  cm"^  which  is  not  present  in  pyridine  and  involves  the  N-H'*" 
deformation.  However,  a-PicHCI  spectrum  does  not  show  this  band  but  is 
present  in  all  samples  spectra.  The  band  at  1540  cm"^  along  with  the  band 
near  the  1640  cm‘^  and  the  very  intense  band  which  varies  in  1470-1485  cm'^ 
range  and  present  in  all  samples,  indicates  proton  acidity  in  pyridinium  and  a- 
picolinium  ion  (8).  Of  greater  interest  is  the  band  which  is  described  as  a  N-H 
stretching  vibration.  It  shows  a  large  variation  in  intensity,  band  width,  and 
frequency  since  is  almost  non-existing  for  a-PicHCI,  and  broad,  intense  band  at 
2440  cm"^  as  the  PyrHCI  concentration  increases. 

All  the  spectra  show  a  striking  similarity  in  this  region  for  mixtures  of  the 
compounds  studied.  Four  bands  of  remarkable  constancy  in  frequency  and 
intensity  located  near  1640,  1620,  1540  and  1480  cm"^  and  all  are  i>c-c- 
However,  not  present  in  a-picolinium  chloride.  The  Raman  spectrum  also  shows 
the  1640  and  1610  cm'^  bands  to  be  depolarized,  and  1480  cm'^  band 
probably  polarized  (9).  The  region  1020  to  640  cm‘^  will  contain  the  ring¬ 
breathing  and  -bending  modes  as  well  as  the  characteristic  out-of  plane 
hydrogen-deformation  vibrations.  However,  the  assignments  are  important  in 
determining  intermolecular  effects(lO)  is  the  case  with  1010(/77),  970(Ht,  905(w/ 
770(^5),  720(n^  and  690(m)  bands.  The  band  at  1010  cm'^is  assigned  to 
the  totally  symmetric  ring-breathing  mode  and  band  at  970  cm'^ assigned  to  v^. 

The  presence  of  organic  complex  is  shown  by  2100(/77),  2025(vv)  and  1990(wt 
cm"^  bands.  Hence,  the  set  of  spectra  and  those  bands  along  with  the  bands  in 
region  1020  to  640  cm" permit  to  understand  the  mixtures  from  the  point  of  view 
of  the  IR  interactions  and  the  presence  of  organic  complex. 

The  fragility  of  this  system  is  apparent  from  fig.  8.  This  fragility  is  related  to 
the  facility  with  which  the  molecular  order  can  reorganize  particularly  in  the 
intermediate  distance  order.  The  fragility  of  the  systems  increases  slightly  as 
pyrHCI  is  added  to  the  pure  organic  salt  with  ring-CHa.  However,  decreases  for 
the  most  concentrate  sample. 


Electrochemical  Society  Proceedings  Volume  96-7 


128 


In  the  case  of  QHCI  containing  ionic  liquids  (6),  fragility  increases  with 
quinolinium  chloride  content  due  to  the  shift,  in  the  reduced-Arrhenius  plot  for 
viscosity,  toward  the  center  of  general  pattern  in  accordance  with  the  complex 
formation  decrease  for  X<94.7  a-PicHCI  in  the  glass-forming  range. 

This  corroborates  the  presence  of  ionic  species  like  [PirH...CI...HPir]"^,  [a- 

PicH...CI...HPic-a]''  and  higher  bonding  systems  of  the  kind  [PirH... Cl. ..Ha-Pic]-" . 
Hence,  hydrogen  bonding  have  a  strong  influence  in  the  transport  properties 
(11),  species  envolved,  melt  structure  and  these  are  responsable  for  the  “pre¬ 
polymer-in-salt"  electrolyte  characteristics. 

The  mechanism  for  ionic  conductivity  in  polymer  electrolytes  is  strongly  linked  to 
the  polymer  segmental  mobility  and  therefore  to  ti  of  the  system  and  to 
increase  the  conductivity  (12)  we  may  mix  low  and  high  molecular  weight 
chains,  and  the  present  study  shows  a  good  system  of  the  first  type.  Also,  the  low 
glass  transition  temperature,  Tg  and  To,  derived  in  X=0.50-0.65  pyrHCI  range, 
allow  that  polymer  systems  remain  rubbery  at  room  temperature  while  keeping 
conductivity  and  high  electrochemical  stability. 
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Figure  6.  Isothermal  plot  of 
kinematic  viscosity  for  pyrHCI  + 
a-picHCI  system. 
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Figure  8.  Tg-reduced  Arrhenius 
plot  of  viscosity  for  pyrHCI  +  a- 
picHCI  system. 
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ABSTRACT 

Differential  Scanning  Calorimetry  was  used  to  measure  the  rates  and  heats  of  the 
solid  state  reactions  between  aluminum  chloride  and  pyridinium  chloride,  ll  was  found  that 
the  three  reactions  studied  followed  the  same  rate  law  derived  from  a  two  dimensional 

diffusion  mechanism.  The  integrated  form  of  this  rate  law  is  (l-Qlnd-Q  +  C  = 

where  C  is  the  desree  of  transformation,  k  is  the  specific  rate  constant  and  t  is  the  time.  The 
rate  constant  for  the  neutralization  reaction  was  measured  at  several  temperatures  and  from 
these  data  the  energy  of  activation  was  calculated.  From  the  measured  rate  law.  inferences 
about  the  reaction  mechanism  and  energy  transfer  were  made. 


INTRODUCTION 

Despite  the  fact  that  almost  all  materials  of  interest  are  solids  and  there  is  a  pressing 
need  to  understand  homogeneous  solid  state  reactions,  relatively  little  is  known  about  the 
kinetics  and  mechanisms  of  solid  state  reactions  because  it  is  difficult  to  design 
experiments  that  will  generate  useful  information.  For  this  reason  we  have  begun  a  senes 
of  experiments  using  differential  scanning  calorimetry  (DSC)  to  measure  the  rates  of  solid 
state  reactions  (1).  The  reason  we  are  using  DSC  is  that  for  any  exothermic  reaction,  heat 
begins  to  evolve  at  the  beginning  of  the  reaction  and  stops  when  the  system  equilibrates,  so 
that  the  rate  of  the  reaction  is  proportional  to  the  rate  at  which  heat  is  evolved.  If  the  heat  is 
generated  quickly  enough  for  the  reaction  to  be  followed  by  DSC,  useful  information  about 
The  kinetics  of  solid  state  reactions  might  be  obtained. 

We  have  selected  the  series  of  reactions  between  AICI3  and  chloride  salts  such  as 
NaCl  (2),  pyridinium  chloride  (3),  methylethylimidazolium  chloride  (4),  or  n- 
butylpyri’dinium  chloride  (5)  to  explore  the  feasibility  of  using  DSC  to  study  solid  state 
kinetics.  These  reactions  are  highly  exothermic,  very  rapid  for  solid  state  reactions,  have 
interesting  Lewis  acid-base  chemistry  and  generally  form  products  that  have  lower  melting 
points  than  either  of  the  reactants.  They  are  also  of  particular  interest  to  the  molten  salt 
community  because,  in  the  liquid  state,  the  chloroaluminates  formed  are  useful  as  solvents 
for  interesting  reactions  and  unusual  species  and  as  electrolytes  in  energy  generating 
devices.  The  reactions  whose  kinetics  we  report  on  here  are  between  pyridinium  chlonde, 
C5H6NCI,  and  AICI3  and  are  shown  below. 
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^  AICI3 


Cl” 


[3] 


Each  product  is  a  congruently  melting  compound.  The  melting  point  of 
C5H6NAICI4  is  approximately  120  ^C,  the  melting  point  of  C5H6NAI2CI7  is 
approximately  24  and  the  melting  point  of  (C5H6)2C1A1CI4  is  approximately 
91  OC  (6). 

THEORETICAL  BACKGROUND 

A  differential  scanning  calorimeter  can  be  used  to  measure  both  isothermal  and 
dynamic  (temperature  changing)  processes  and  in  the  present  study,  an  isothermal  mode 
was  used.  This  means  changes  as  a  function  of  time,  keeping  temperature  constant,  were 
recorded  Since  a  differential  scanning  calorimeter  is  designed,  in  effect,  to  maintain  a  zero 
temperature  differential  between  a  standard  and  a  test  sample,  any  heat  evolved  during  the 
reaction  (the  test  sample)  will  be  supplied  by  the  instrument  to  the  reference  sample  and  is 
therefore  the  quantity  measured.  If  we  define  a  quantity  ^  as  the  degree  of  transformation, 

C  =  0  at  the  beginning  of  the  reaction  when  the  heat  begins  to  evolve  and  (,=  1  when  the 
system  equilibrates  and  heat  stops  being  evolved.  Therefore,  the  rate  of  the  reaction  is 

dg  dt. 


For  the  solid  state  reaction, 

A  =  C  +  AH  [4] 

A  is  the  solid  at  the  start  of  the  reaction,  C  is  the  material  after  the  reaction  has  equilibrated, 
and  AH  is  the  heat  evolved  during  the  reaction.  In  general. 
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[5] 


^  ^  H(partiaiy  ^^(reaction). 

That  is,  the  entire  area  under  the  experimental  Q  vs.  time  curve  gives  AH  for  the  reaction 
and  an  area  corresponding  to  a  particular  time  less  than  tj-eaction  AQ/At)  x  At,  gives 
AH(partial.)  elapsed  time.  Dividing  AH(partial)  by  AH(reaction)  yields  the  value 

of  ^corresponding  to  that  rate.  The  process  is  repeated  for  several  times  at  each  of  several 
temperatures.  In  order  to  ensure  that  the  reaction  has  not  proceeded  to  any  significant  extent 
before  data  is  collected,  the  reactants  and  pans  are  cooled  to  as  low  a  temperature  as  is 
practical  prior  to  being  loaded  into  the  calorimeter.  This  concept  is  illustrated  in  Fig.  1  (7) 
which  shows  a  three  dimensional  plot  of  ^  against  time  and  temperature,  T,  for  a 
generalized  solid  state  reaction.  It  is  apparent  from  the  diagram  that  as  T  approaches  260 
OC,  approaches  zero. 

For  first,  second,  or  third  order  reactions,  the  temperature  dependence  of  the 
reaction  rate  is  given  by  the  familiar  Arrhenius  equation  so  that  the  rate  law  for  the  reaction 
becomes 


d^/dt  =  kCI-O^  =  Ao[exp-Ea/RT](l  -  [6] 

In  linear  form,  this  equation  becomes 

ln(d^/dt)  =  IoAq  -  E^/RT  +nln(l-Q.  [7] 

Aq,  Ea,  n  and  k  are  obtained  from  experimental  values  of  d!^/dt,  1/T,  and  (1-Q. 

However,  most  solid  state  reactions  do  not  follow  a  simple  ordered  rate  law  and  for  these 
reactions,  the  rate  law  is  derived  for  various  possible  model  reaction  mechanisms.  The 

experimental  ^  vs  t  curves  are  then  compared  with  the  model  ^  vs  t  curves  and  the  best  fit 
selected  to  obtain  the  overall  reaction  rate  law.  From  the  rate  law,  inferences  about  the 
reaction  mechanism  can  be  made.  Unfortunately,  differences  in  the  ^  vs.  t  curves 
corresponding  to  different  mechanisms  are  often  quite  small  so  that  very  precise 
measurements  are  needed. 

EXPERIMENTAL  DETAILS 

The  experiments  were  performed  on  a  Perkin-Elmer  DSC-4  with  a  thermal  analysis 
data  station(TADS).  Data  were  collected  in  the  isothermal  mode  using  a  special  isothermal 
program.  Because  the  reactions  between  C5H6NCI  and  AICI3  were  fairly  rapid  at  elevated 
temperatures,  both  reactants  were  cooled  on  dry  ice  in  a  nitrogen  filled  glove  box  (moisture 
content  less  than  10  ppm),  to  ensure  that  the  reaction  did  not  proceed  to  any  great  extent 
prior  to  being  placed  in  the  calorimeter.  The  desired  mole  fractions  of  the  reactants  were 
prepared  by  weighing  stoichiometric  quantities  of  each  compound  that  had  been  ground 
and  sieved  through  a  40  Mesh  screen,  directly  into  a  large  stainless  steel  pan  (0.7  cm 
diameter)  inside  the  glove  box  and  then  sealing  the  pan.  This  conceptually  simple  procedure 
proved  to  be  quite  difficult  in  practice  and  took  quite  a  bit  of  preparation  time.  The 
temperature  of  the  sealed  pans  was  further  reduced  before  removing  them  from  the  glove 
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box.  The  best  mixing  procedure  seemed  to  be  simply  holding  the  sealed  pan  with  a 
tweezers  and  gently  shaking  it  for  a  few  seconds. 

The  cold  pans  were  then  placed  in  the  calorimeter  and  brought  to  a  high  enough  temperature 
for  the  reaction  to  occur  fairly  rapidly. 

AH(partial)  AH(reaction)  were  calculated  by  first  enlarging  the  measured 
thermogram,  transferring  it  to  heavy  cardboard,  cutting  out  the  area  under  the  curve  with  a 
sharp  scissors  and  weighing  it  on  an  analytical  balance.  A  square  with  known  dirnensions 
of  the  same  cardboard  was  used  to  calibrate  the  area.  The  precision  of  this  technique  was 
better  than  1%. 

The  melting  and  freezing  points  of  the  products  were  obtained  by  switching  to  the 
normal  dynamic  mode  of  the  instrument.  This  was  done  to  further  ensure  that  a  true 
product  was  actually  produced.  Sublimation,  decomposition,  and  vaporization  all  produce 
endothermic  thermograms  similar  to  melting  so  that  obtaining  an  exotherm  is  fairly  good 
evidence  that  a  reaction  has  occurred.  Since  all  reactants  and  products  are  very 
hygroscopic,  all  transfer  reactions  were  done  in  the  controlled  atmosphere  glove  box. 

RESULTS  AND  DISCUSSION 

Fig.  2  shows  a  typical  thermogram  obtained  from  our  calorimeter  for  Eq[3]  at 
50  OC.  The  dashed  line  represents  the  baseline  extrapolation  procedure.  Since  we  are 
operating  the  instrument  in  the  isothermal  mode,  the  abscissa  represents  time  and  not 
temperature.  A  temperature  range  of  10  is  actually  a  time  of  one  minute  so  the  time  for 
this  reaction  is  slightly  longer  than  two  minutes.  All  thermograms  had  the  same  general 
shape  as  Fig.  2.  Fig.  3,  4,  and  5.  show  typical  isothermal  ^  vs  t  plots  for  Eq.[l],  Eq.[2], 
and  Eq.[3]  respectively.  Table  I  lists  the  average  AH(j.eaction)  temperature  range  for 
the  reactions  studied.  Although  there  is  considerable  error  in  each  of  the  AH  measurements 
shown  in  Table  I,  the  general  trends  are  all  in  the  expected  direction  and  the  data  are  self 
consistent.  For  example,  it  must  be  the  case  that  the  enthalpy  of  reaction  for  Eq.[2]  is 
considerably  larger  than  the  enthalpy  of  reaction  for  Eq.[l]  because  an  AiCl3  molecule  is 
being  added  to  pyridinium  tetrachloroaluminate.  The  difference  between  the  heats  of 
reaction  for  Eq.[l]  and  Eq.[2]  should  equal  AHjxn  reaction: 


AICI4®  +  AICI3 


Although  the  measurement  for  this  reaction  proved  extremely  difficult,  our  preliminary  data 
indicate  that,  within  experimental  error,  AH[8]  =  AH[2]  -  AH[i]  . 

The  C  vs.  t  curves  indicate  that  Eq.  [1-3]  all  follow  a  rate  law  derived  from  a  two 
dimensional  diffusion  mechanism  (8): 
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d^/dt  =  k[-ln(i-Q]-l  [9] 

where  k  is  the  specific  rate  constant.  The  integrated  form  of  this  rate  law  is: 

f(0  =  (l-Oln(l-Q  +  C  =  kt  [10] 

so  that  if  the  rate  law  is  correct  for  a  particular  reaction,  a  plot  of  f(0  vs.  t  would  give  a 
straight  line  with  slope  k.  Fig.  6  shows  a  plot  of  f(0  vs.  t  for  Eq.[l]  at  each  of  three 
temperatures  and  all  three  are  linear,  the  50  plot  having  a  correlation  coefficient  of 
0.999.  Special  care  was  taken  in  each  of  these  reactions  to  fill  the  pan  with  exactly  (to  three 
significant  figures)  1  x  10'4  moles  of  each  reactant.  Fig.  7  shows  an  Arrhenius  plot  for 
Eq  [  1  ]  using  the  results  of  these  experiments  plus  two  additional  experiments.  The  data  or 
fairly  linear  yielding  an  of  16  kJ/mol.  The  theoretical  interpretation  of  an  Arrhenius  plot 
for  inherently  heterogeneous  solid  state  reactions  is  open  to  question,  but  the  relative 
linearity  of  the  graph  and  the  value  of  Ea  is  useful  for  purposes  of  comparison  and  to  verify 
internal  consistency  of  the  data.  Fig.  8  and  Fig.  9  are  the  f(0  vs.  t  plots  for  Eq.[2]  and 
Eq.[3]  respectively  and  again,  each  of  these  graphs  is  quite  linear  indicating  a  two 
dimensional  diffusion  mechanism. 

The  salient  features  of  all  of  these  reactions  is  their  extreme  rapidity  and  the  fact 
that  within  experimental  error,  they  all  follow  the  same  rate  law  indicating  a  similar 
mechanism.  The  heterogeneous  reactions  probably  proceeds  evenly  over  two  contiguous 
crystal  surfaces.  On  a  microscopic  level,  for  the  neutralization  reaction,  this  can  be  pictured 
as  the  Cl'  ions  from  the  surface  of  a  crystal  of  C5H6NCI  hopping  to  the  surface  of  an 
AICI3  crystal  followed  by  the  formation  of  pyridinium  tetrachloroaluminate  nuclei  which 
then  grow.  Details  of  now  these  nuclei  grow  are  unclear  (9)  as  are  the  details  of  energy 
transfer.  The  heat  generated  by  one  group  of  molecules  reacting  with  another  generates  the 
activation  energy  for  a  subsequent  reaction  producing  a  kind  of  energy  wave  moving 
through  the  crystal.  It  is  also  probable  that  enough  heat  is  generated  in  this  process  to  cause 
eutectic  mixtures  to  melt  locally  forming  a  molten  salt  and  thus  significantly  increasing  the 
reaction  rate.  Freezing  eventually  occurs  and  the  system  appears  to  always  be  in  the  solid 
state.  It  is  also  possible  that  these  reactions  are  vapor  driven.  That  is,  there  is  a  high  ^otigh 
vapor  pressure  of  each  reactant  in  the  sealed  pan  so  that  a  gas  phase  reaction  occurs.  1  he 
reaction  product  is  well  below  its  melting  point  and  eventually  precipitates  causing  either  a 
eutectic  to  form  locally  or,  allowing  more  unreacted  material  to  vaporize  and  drive  the 
reaction. 

SUMMARY 

Differential  Scanning  Calorimetry  has  been  shown  to  be  a  useful  technique  for 
measuring  the  rates  of  exothermic  solid  state  reactions.  The  extent  of  reaction,  q,  is 
obtained  from  the  thermogram  and  is  then  fitted  to  known  rate  laws  derived  for  different 
possible  solid  state  reaction  mechanisms.  From  these  rate  laws  inferences  as  to  the 
microscopic  details  of  the  solid  state  reaction  may  be  drawn. 
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TABLE  I 

Average  Heats  of  Reaction  and  Temperature  Range  for  the  Solid  State 


Reactions  between  AICI3 

and  C5H5NCI 

Reaction 

Temperature  Ranee  (9-C) 

C5H6Na  +  AICI3 

-  53  +/-  6 

50  -  100 

2C5H6NCI  +  AICI3 

-  76  +/-  1 

50 

C5H6NCI  +  2AICI3 

-  120  +!-  14 

22-33 

C5H6NAICI4  +  AICI3 

-  63 

25 
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EFFECT  OF  ALKALI  METAL  FLUORIDE  ON  ANODIC  REACTION 
IN  A  MOLTEN  NH4F-HF  SYSTEM 

Akimasa  TASAKA%  Tomoo  KAWAGOE,  and  Toshinori  OSADA 

Department  of  Molecular  Science  and  Technology,  Doshisha 
University,  Miyako-dani  1-3,  Tadara,  Tanabe-cho,  Tsuzuki-gun, 
Kyoto  610-03,  Japan 

ABSTRACT 

The  current  efficiency  for  NF3  formation  and  the  consumption  of 
nickel  anodes  depends  on  the  composition  of  molten  fluoride 
containing  HF  and  temperature.  Trivalent  and/or  tetravalent  nickel 
compounds  were  detected  on  nickel  by  electrochemical  methhods  and 
x-ray  photoelectron  spectroscopy  (XPS).  The  surface  was  observed  by 
means  of  a  scanning  electron  microscope  (SEM).  The  addition  of  LiF  to 
an  NH4F  •  2HF  melt  was  the  most  effective  for  increasing  the  NF3 
current  efficiency  and  minimizing  the  consumption  of  the  nickel 
anode.  A  new  mechanism  for  the  electrochemical  fluorination  is 
proposed.  In  this  mechanism,  the  starting  material  reacts  at  the  anode 
with  nickel  compounds  having  high  oxidation  states. 

INTRODUCTION 

Pure  NF3  free  from  CF4  can  be  obtained  by  electrolysis  of  NH4F  •  2HF 
when  a  nickel  anode  is  substituted  for  a  carbon  anode.  However, 
corrosion  of  the  nickel  anode  is  troublesome,  and  it  corresponds  to 
current  losses  of  3  ~  5%  under  operating  conditions.  NiF2  And 
NH4NiF3  are  deposited  on  the  anode  and  the  cell  bottom.  Although 
the  addition  of  CsF  into  the  electrolyte  minimizes  nickel  anode 
consumption,  and  lowers  the  vapor  pressure  of  the  melt,  it  is 
inapplicable  to  the  practical  cell  because  CsF  is  expensive.  Fluorination 
of  NH4+  to  NF3  and  other  species  such  as  N2,  N2F4,  N2F2,  and  N2O  is 
also  a  problem.  In  addition,  oxygen  is  generated  even  if  water  in  the 
electrolyte  is  low.  Water  int  he  melt  lowers  the  current  efficiency  for 
the  NF3  formation  and  increases  the  consumption  of  nickel  anode. 

This  paper  deals  with  the  effects  of  alkali  metal  fluorides  added 
into  the  melt  on  the  current  efficiency  for  the  NF3  formation  and  to  the 
anode  corrosion.  The  effect  of  temperature  on  the  current  efficiency  for 
the  NF3  formation  is  also  discussed. 
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EXPERIMENTAL 


A  cylinder-type  nickel  cell  (1.5  dm^)  was  equipped  with  a  nickel 
sheet  anode  (24  cm^)  at  the  center  for  production  experiments.  Teh  cell 
wall  was  used  as  the  cathode.  A  skirt  was  provided  to  separate  the 
anode  gas  from  hydrogen  generated  at  the  cathode.  The  cell  bottom 
was  insulated  by  a  PTFE  sheet  to  avoid  hydrogen  evolution  (nickel  cell, 
thereafter).  A  box-type  PTFE  cell  equipped  with  the  nickel  electrode, 
both  anode  and  cathode,  was  provided  for  fundamental  studies.  A  Pt 
wire  was  inserted  into  the  nickel  cell  as  a  reference  electrode  while  a 
specially  designed  electrode  was  employed  for  the  PTFE  cell.  However, 
the  potentials  inthe  text  are  shown  by  the  hydrogen  electrode  scale  in 
the  volts  vs.  H2. 

NH4F  •  2HF  prepared  with  extra  pure  HF  (99.99%)  and  NH4F 
(99.9%)  in  a  dry  box  was  used.  Nitrogen  was  supplied  to  the  glove  box, 
in  which  the  PTFE  cell  at  120°C  was  positioned,  to  remove  moisture 
from  the  atmosphere  during  the  experiment.  The  electrolytic 
experiments  were  conducted  under  constant  temperatures  at  120,  100, 
80,  and  60°C. 

The  PTFE  cell  was  pre-electrolyzed  at  a  low  current  density  with 
a  carbon  anode  for  many  hours  until  NF3  was  generated  under  steady 
state  conditions,  then  the  potential  decay  measurements  and  the 
corrosion  test  were  performed.  The  nickel  electrode  specimen  was 
washed  with  water  followed  by  methanol  rinsing.  The  current  losses 
caused  by  nickel  dissolution  were  calculated  from  the  weight  losses. 


The  water  content  in  the  nickel  cell  was  high  before  start-up,  but 
it  decreased  by  electrolysis  to  less  than  0.02  wt%  or  ca.  21  mmol/dm^. 

The  anode  gas  was  treated  with  NaF  to  eleminate  HF  before  the 
chromatographic  and  IR  spectroscopic  analyses.  The  current  efficiences 
for  the  consstituents  were  evaluated  from  the  results  of  gas  analysis 
and  the  flow  rate  of  the  anode  gas. 

For  the  corrosion  test,  the  nickel  anode  was  electrolyzed  in  a  well 
dehydrated  NH4F  •  2HF  melt  with  and  without  alkali  metal  fluoride  for 
90  minutes  under  constant  voltage  at  5  V  vs.  H2.  The  test  specimen 
was  washed  with  anhydrous  HF  (99.9%  HF)  and/or47%  HF  aqueous 
solution  to  remove  adhesive  melt  on  the  surface  and  inspected  by  the 
XPS  and  SEM.  The  nickel  concentration  in  the  melt  was  measured  by 
absorptiometry. 
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RESULTS  AND  DISCUSSION 


Oxygen  was  evolved  for  the  first  20  hours  of  electrolysis  followed 
by  gradual  formation  on  NF3.  The  NF3  current  efficiency  increased  and 
reached  a  steady  state  80  hours  after  start-up,  depending  on  the 
electrolyte  composition.  The  N2O  content  in  the  anode  gas  decreased 
with  time  to  a  minimum  level.  The  final  ratio  of  N2O  to  NF3  was 
<0.05,  for  example.  In  these  preliminary  experiments,  we  think  that 
the  cell  was  stabilized  by  electrolysis  within  80  hours.  Table  1  shows 
the  current  efficiencies  for  the  anode  gas  and  its  constituents.  The 
current  efficiency  for  hydrogen  evolved  at  the  cathode  is  also  listed. 

The  last  column  is  the  current  losses  caused  by  the  dissolution  of  the 
nickel  anode.  The  current  efficiency  for  the  NF3  formation  in  the 
electrolyte  containing  LiF  was  high  compared  with  others.  Also,  the  Ni 
dissolution  was  decreased  by  the  addition  of  LiF.  The  NF3  current 
efficiency  varied  slightly  with  CsF  content  while  the  anode  gas  and  the 
cathodic  hydrogen  as  well  as  the  Ni  dissolution  were  unchanged  except 
in  the  case  of  the  CsF  contentof  6.7  mol%.  In  the  casse  of  an  NH4F  • 

2HF  melt  with  KF,  the  current  efficiencies  for  the  anode  gas,  NF3,  and 
cathodic  hydrogen  were  low  and  the  anodic  consumption  increased 
with  the  increase  of  the  KF  content.  Hence,  KF  was  detrimental  to  the 
Ni  anode.  The  addition  of  NaF  into  NH4F  •  2HF  increased  both  the 
NF3  current  efficiency  and  the  anode  consumption  slightly. 

Figure  1  shows  the  XPS  spectra  of  Ni  2p3/2/  O  Is,  and  F  Is  of  the 
nickel  anode  electrolyzed  in  the  melt  of  NH4F  •  2HF  at  25  mA/ cm^  and 
100'’C  for  100  hours.  Specimens  were  washed  with  99.9%  HF  (solid) 
and  47%  HF  aqueous  solution  (dotted  curves).  Large  peaks  at  858  eV 
and  685  eV  correspond  to  NiF2  (Ni  2p3/2  =  857.7  eV  and  F  Is  =  685.0  ev). 
Small  peaks  at  531  and  533  eV  of  the  O  Is  spectrum  are  NiO  and  Ni203, 
respectively  [1].  A  new  shoulder  at  861  eV  of  the  Ni  2p3/2  spectrum  and 
a  new  peak  at  688  eV  of  the  F  Is  spectrum  were  observed  on  the 
specimen  washed  with  99.9%  HF.  These  peaks  correspond  to  trivalent 
and/or  tetravalent  nickel  compounds  such  as  NiF3  and  NiF4  (Ni  2p3/2 
=  861.2  eV  and  F  Is  =  687.8  eV)  [2].  In  contrast,  no  new  peak  was 
observed  on  the  specimen  staying  at  a  potential  less  noble  than  0.5  V 
vs.  H2  int  he  open  circuit  after  electrolysis  at  25  mA/cm^  for  100  hours, 
as  shown  in  Fig.  2.  With  these  results,  it  is  considered  that  the  oxide 
layer  is  composed  of  NiF2  with  a  small  amount  of  both  oxides  having 
multiple  oxidation  states  of  Ni  and  fluorides  of  trivalent  and/or 
tetravalent  oxidation  states  of  Ni.  The  surface  layers  on  the  anode 
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electrolyzed  in  NH4F  •  2Hf  melts  with  CsF,  NaF,  and  KF  contained 
cesium,  sodium,  and  potassium  compounds,  respectively. 

Figure  3  shows  the  potential  decay  curves  of  the  nickel  anode 
electrolyzed  at  25  mA/cm^  and  a  few  temperatures  of  60,  80,  and  100°C 
in  an  NH4F  •  2HF  with  and  without  alkali  metal  fluoride.  When  the 
polarization  current  was  witched  off,  the  potential  dropped  steeply  to 
ca.  2  ~  2.4  V,  stayed  at  this  potential  for  1  ~  10  minutes  depending  on 
temperature  and  the  composition  of  melt,  and  moved  to  0.5  V,  which 
was  close  to  the  static  potentials  for  NiO  (0.18  ~  0.20  V)  and  Ni304  (0.53 
~  0.55  V).  A  stagnation  at  ca.  2  ~  2.4  V  is  due  to  the  coexistence  of 
highly  oxidized  species.  NiF3  and  NiF4  (or  M3NiF6  and  M2NiF6/  M  - 
Cs,  K,  Li).  The  time  of  its  stagnation  decreased  with  increasing 
temperature  and  its  time  observed  int  he  melt  containing  KF  was  long 
compared  with  that  in  NH4F  •  2HF.  On  the  other  hand,  the  time  the 
potential  remained  unchanged  in  the  melts  with  LiF  and  CsF  was 
almost  the  same  as  that  in  the  melt  of  NH4F  •  2HF  at  100°C  and  almost 
the  same  as  that  in  the  melt  containing  KF  at  60°C.  This  means  that 
the  highly  oxidized  species  in  the  oxide  layer  was  stabilized  by 
coexistence  of  alkali  metal  compounds  and  that  the  consumption  rate 
of  highly  oxidized  species  increased  with  increasing  temperature. 

Figure  4  shows  the  effect  of  temperature  on  the  current  efficiency 
for  the  NF3  formation  in  galvanostatic  electrolysis  at  25  mA/cm^,  i.e., 
the  rate  of  NF3  formation.  The  rate  of  NF3  formation  increased  with 
increasing  temperature,  and  hence  the  time  of  stagnation  at  ca.  2  ~  2.4 
V  is  due  to  the  rate  of  the  reaction  of  ammonia  with  the  highly 
oxidized  species  on  the  surface  of  film.  That  is,  the  faster  the  rate  of  the 
fluorination  of  ammonia  with  trivalent  and/or  tetravalent  nickel 
compounds,  the  shorter  the  stagnation  time  at  ca.  2  ~  2.4  V.  From  these 
results,  we  propose  a  new  mechanism  of  electrochemical  fluorination 
in  addition  to  the  mechanism  proposed  int  he  previous  papers  [3,  4]  as 
follows. 


NiF2  +  F-  ^  NiF3  +  e' 

(1) 

NiFj  ^  p-  NiF4  +  e‘ 

(2) 

NiF2  +  2F-  ^  NiF4  +  2e- 

(2') 

NiFj  +  3F-  -4  NiFg'  +  e" 

(3) 

Electrochemical  Society  Proceedings  Volume  96-7 


147 


(4) 

(4') 


NiF.^  - NiF^^  +  e“ 

6  6 

NiF-"  +  3F"  - NiF^^"  +  2e“ 

O  D 

+  GNiF^  - ^  6NiF2  +  NF^  +  3HF  +  H^‘  (5) 

NH.'*'  +  6NiF,^"  - ^  6NiF-"  +  NF^  +  4HF  +  11f"  (6) 

4  D  3  3 

+  3NiF^  - ^  3NiF2  +  NF^  +  3HF  +  (7) 

+  3NiFg^"  - ^  3NiF2~  +  NF^  +  4HF  +  2F”  (8) 
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Table  1  Effect  of  alkali  metal  fluorides  added  in  the  melt  on  current  efficiencies  of  anode  and  cathode  gases  and  current 
loss  caused  by  Ni  dissolution  {QJQ^  in  electrolysis  at  25  nrA'cm^  and  120  C  (393K)  for  100  hours. 


Melts  Current  efficiencies  of  anode  and  cathode  gases/ %  Current  loss  caused  by  Ni 


NF, 

N, 

0, 

N,F, 

NrF: 

N,0 

Overall 

H, 

dissolution  (OJQi)  /  % 

NH4F-2HF‘> 

49.2 

20,1 

9.26 

4.83 

1.47 

7.18 

92.0 

92.9 

2.51 

NH,F-2HF‘’* 

45.2 

23.1 

4.22 

4.16 

1.32 

5.21 

83.2 

87.2 

2.45 

NHiF  •  2HF+0. 1  moF/oLiF'’* 

53.0 

19.9 

4.46 

5.56 

0.77 

3.51 

87.2 

88.1 

1.47 

NH,F-2HF+0.3mol%LiF” 

68.3 

12,6 

3.41 

4.25 

0.54 

4.56 

93,7 

94.6 

1.37 

NH4F-2HF+0.3mol%LiF'’» 

53.3 

24.1 

6.15 

3.22 

0.67 

1,15 

88.6 

88.7 

1.37 

NH4F-2HF+0,9mol%LiF'’' 

54.8 

18.4 

8.70 

2.98 

1.14 

1.24 

87.3 

87.7 

1.36 

NH,F-2HF+6.7mol%CsF** 

59.0 

19.1 

0.61 

5.75 

1.15 

7.75 

93.4 

95.3 

2.85 

CsF  ■  3NK,F  •  8HF(8.3mol%)'’> 

49.8 

21.9 

4.43 

7.26 

1.66 

3.38 

88.4 

89.1 

1.59 

CsF  •  2NH,F  •  6HF(  1 1 . 1  moF/o)”’ 

55,5 

22.1 

4.31 

3.13 

0.65 

3.33 

89,0 

89.7 

1.46 

CsF  •  NH4F  •  4HF(1 6.7mol%)'’> 

36.1 

33.7 

8.52 

3.6! 

0.80 

2.69 

85.4 

90.1 

1.39 

NH4F-2HF+0.3mol%NaF*' 

57.9 

111 

6.79 

6.57 

0,92 

8.86 

92.1 

92.9 

2.01 

NH,F-2HF+6.7mol%NaF*> 

56.9 

25.3 

2.11 

424 

0.85 

2.72 

92.1 

94,0 

3.14 

NH,F-2HF+0.3mol%KF‘* 

52.1 

18.0 

7,15 

2.99 

1,51 

6.79 

88.5 

89.5 

2.79 

NH4F-2HF+6.7moF/olCF'> 

48.0 

30.7 

1.21 

3.55 

0.49 

5.84 

89.8 

92.6 

3.40 

iCF-3NH,F-8HF(8.3mol%)*’> 

39.8 

35.9 

3.91 

0,66 

0.21 

2.73 

83.2 

83.2 

3.81 

ICF-2NH,F-6HF(ll.lmol%)'’> 

40.4 

35.2 

2.11 

0.49 

0.14 

4.50 

82,8 

81,3 

4,12 

KF  •  NH4F  •  4HF(  16.7mol%)'“ 

37.8 

32.1 

6.01 

0.42 

0.67 

3.14 

80.1 

80.2 

5.16 

The  cell  was  equipped  with  a  nickel  anode.  Anode  area  =  24  cm^  Current  density  =  25  mA-cm'^. 

a)  Nickel  cell.  Time  of  line=  100  hours. 

b)  Nickel  cell.  Time  of  line=  80  hours. 


Binding  energy  /  eV 

Fig.  1  X-ray  photoelectron  spectra  of  Ni  ^  ^  levels  on  the 

nickel  anode  after  electrolysis  at  25  raA/cm  ahd  100°C  for  100  hours  in  NH  F- 
2HF.  Specimens  were  washed  with  anhydrous  HF  (99.9%;  solid  line)  and  47%  HF 
aqueous  solution  (dotted  line).  (a)  Outermost  surface,  (b)  Exposed  to  Ar 
beam  for  30  seconds*,  (c)  Exposed  to  Ar  b|am  for  1  minute,  (d)  Exposed  to 
Ar^  beam  for  10  minutes,  (e)  Exposed  to  Ar  beam  for  30  minutes. 

*  Beam  current  =  20  mA  at  2  kV. 
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862.0  858.0  854.0  850.0  535.  Q  530.0  690,0  686.0  692  0 

Binding  energy  /  cV 


Fig.  2  X-ray  photoelectron  spectra  of  Ni  2p  ,  ,  F  Is,  and  O  Is  levels  on  the 
nickel  anode  staying  at  a  potential  le^s  noble  than  0,5  V  vs.  in  the  open 
circuit  after  electrolysis  at  25  mA/cm  and  lOO^C  for  100  hours  in  NH^F*2HF, 
Specimen  was  washed  with  anhydrous  HF  (99.9%) .  (a^  Outermost  surface,  (b)  Ex¬ 

posed  to  Ar’*’  beam  for  30  secs.*,  (c)  Exposed  to  Ar  beam  for  1  min.,  (c)  Ex¬ 
posed  to  Ar^  beam  for  10  mins.,  (e)  Exposed  to  Ar  beam  for  30  mins. 

*  Beam  current  =  20  mA  at  2  kV. 


0  1  2  3  4  5  6 


0  1  2  3  4  5  6 


Time  /  min. 


Fig.  3  Potential  decay  curves  of  a 
nickel  anode  polarized  at  5  V  vs. 
and  temperatures  of  60,  80,  and  100 
°C  for  90  minutes  in  well  dehydrated 
melts . 

Curve  1;  NH  F-2HF, 

Curve  2;  KP‘2NH  F*6HF, 
curve  3?  CsF-2Ni  F*6HF, 

Curve  4;  NH  F-2HF  +  0.3mol%  LiF. 
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60  80  100  120 

Temperature  /  “C 

Fig.  4  Effect  of  temperature  on  current  efficiency  for  the  NF^  formation 
in  electrolysis  at  25  mA/cm  in  molten  LiF-NH^F-HF  and  CsF-NH^F-HF  systems 

1  (A);  NH^F>2HF  +  0.3mol%  LiF,  2  (o) ;  CsF • 2NH^F- 6HF , 

3  (•);  CsF-NH^F-4HF. 
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Abstract 

The  visible  and  NIR  absorption  spectrum  of  uranium(V)  chloride  in 
room  temperature  acidic  melts  has  been  measured.  This  spectrum  was  obtained 
by  the  direct  dissolution  of  an  uranium(V)  chloride  compound  into  a  room- 
temperature  melt.  Changing  the  acidic  melt  to  a  basic  melt  by  adding  EMIC 
caused  the  gradual  disappearance  of  the  U(V)  spectrum  and  the  concomitant 
appearance  of  a  new  set  of  bands.  The  absorption  spectrum  recorded  in  the 
basic  melt  of  composition  AlCljiEMIC  =  45:55  is  identical  to  that  from  the 
uranium(IV)  hexachloride  complex  in  the  same  melt.  This  conversion  of  U(V) 
to  U(IV)  establishes  that  the  uranium(V)  chloride  complex  underwent  a 
reduction  reaction  to  form  the  uranium(IV)  hexachloride  complex.  The 
stoichiometric  ratio  of  U(total)  :  U(IV)  in  this  redox  process  was  experimentally 
determined  to  be  1:1.  This  suggests  that  the  formation  of  uranium  (IV) 
hexachloride  in  the  basic  melt  is  not  via  the  disproportionation  reaction  of 
U(V). 


Although  the  UV-visible  and  near-IR(NIR)  spectra  of  uranyl(VI)  and 
uranium(IV)  chloride  complexes  in  molten  chloride  melts  have  been  widely  investigated,^"^ 
Adams  et  ctl.^  and  Wenz  et  al.^  have  found  the  formation  of  UO2  in  the  dissolution  of 
UO3  in  high-temperature  molten  KCl-MgCl2.  Later,  Dewaele  et  al.  suggested  the 
formation  of  an  uranium(V)  complex  during  the  electrolytic  oxidation  of  uranium(IV)  in 
room-temperature  acidic  melts. ^  In  the  present  note,  the  visible  and  NIR  absorption 
spectrum  of  uranium(V)  chloride  in  room  temperature  acidic  melts  is  reported.  This 
spectrum  was  obtained  by  the  direct  dissolution  of  an  uranium(V)  chloride  compound 
into  the  melts.  An  unusual  dependence  of  the  chemical  stability  of  the  uranium(V) 
chloride  complex  on  the  Lewis  basicity  has  been  found. 

The  preparation  and  purification  of  uranium(IV)  tetrachloride  has  been  reported 
previously.'^’  *  The  UCI4  was  purified  by  loading  the  nominally  pure  starting  material  in  a 
silica  tube  and  pumping  it  down  to  ~20pm  Hg  at  650  to  remove  any  moisture  or  HCl. 
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The  tube  was  then  sealed,  and  UCI4  was  sublimed  at  5  lO^C  from  one  end  of  the  tube  to 
the  other .  The  uranium  trioxide  was  prepared  according  to  the  standard  literature 
procedure.^  The  preparation  of  UClj  •SOCI2  was  also  according  to  the  literature. 

Briefly,  UCI5  •  SOCI2  was  obtained  by  refluxing  UO3  with  excess  SOCI2  for  two  weeks, 
followed  by  removal  of  excess  SOCI2  by  distillation.  The  procedure  for  the  purification  of 
AICI3  has  been  described  previously."  1 -Ethyl-3 -methyl-imidazolium  chloride  (EMIC) 
was  synthesized  according  to  the  procedure  of  Smith  et  All  molten  salt  solutions 
were  prepared  under  helium  atmosphere  in  a  drybox  with  <1  ppm  moisture.  Visible  and 
NIR  spectra  were  measured  at  room  temperature  with  a  Caiy  14H  scanning 
spectrophotometer  converted  by  On-Line  Instrument  Systems  (OLIS)  for  data  acquisition 
and  analysis  by  a  PC  computer.  Samples  were  loaded  into  a  quartz  cuvette  (1  cm 
pathlength)  with  a  threaded  glass  cap. 

Tthe  spectrum  of  UCI5  ’SOClj  dissolved  in  an  acidic  melt  (AICljiEMIC  =  62:38)  is 
given  in  Figure  1.  (An  acidic  melt  is  defined  to  contain  a  molar  excess  of  AiClj  relative  to 
the  organic  salt,  while  a  basic  melt  contains  a  molar  excess  of  the  organic  salt  relative  to 
AICI3.  The  excess  aluminum  chloride  in  acidic  melts  can  then  act  as  a  Lewis  acid.)  As  can 
be  seen  from  the  Figure  1,  the  spectrum  consists  of  many  peaks  with  the  characteristic 
narrow  vibronic  bands  around  1500  nm.  This  spectrum  is  almost  identical  to  that  recorded 
from  the  UClg'  complex  prepared  by  dissolving  UCl,  -SOClj  into  other  non-aqueous 
solvents.’^  Accordingly,  we  assigned  the  spectrum  in  Figure  1  to  that  of  the  uranium(V) 
hexachloride  complex.  The  formation  of  the  uranium(V)  hexachloride  complex  in  the 
acidic  melt  implies  that  the  affinity  of  UCI5  to  Cl'  ion  is  greater  than  that  of  AiCl3  to  Cl 
ion. 

It  is  well  known  that  visible  and  NIR  absorption  spectra  of  uranium(V)  complexes 
result  from  the  f-f  transitions  in  ion.  Because  these  f-f  electronic  transitions  are 
Laporte  forbidden,  the  observed  bands  arise  from  the  relaxation  of  the  selection  rule  via 
either  a  static  or  a  vibronic  interaction.  Our  previous  studies"’  "of  UCI4  in  similar  melts 
and  crystal-host  matrices  have  indicated  that  the  electronic  transition  selection  rule  can  be 
relaxed  via  a  static  mechanism  such  as  hydrogen  bonding  between  the  uranium(IV) 
chloride  complex  and  the  organic  cation  (EML)-  The  observation  of  a  strong  vibronic 
origin  transition  is  usually  an  indication  of  the  selection-rule  relaxation  by  a  static 
mechanism."  According  to  Selbin  and  Onego,"  the  band  around  1478  nm  in  Figure  1  is 
due  to  the  electronic  transition  from  r7  to  P,'  (^F^/j).  As  seen  clearly  from  the  inset 
in  Figure  1,  the  origin  transition  is  the  strongest  of  the  transitions  in  this  band.  This  is 
consistent  with  our  expectation  that  the  f-f  transitions  of  the  uranium(V)  hexachloride 
complex  in  the  room-temperature  molten  salt  are  mainly  induced  by  the  relaxation  of  the 
selection  rule  via  a  static  mechanism.  The  peaks  located  symmetrically  around  the  origin 
transition  are  vibronic  transitions  induced  by  odd  vibrational  modes.  The  peaks  on  the 
high  energy  side  of  the  origin  are  non-hot  bands,  whose  transition  frequencies  can  be 
expressed  as  Uq+u,  where  Uo  and  u  are  the  electronic  origin  transition  frequency  and  odd 
vibrational  transition  frequency,  respectively.  Similarly,  the  peaks  on  the  low  energy  side 
of  the  origin  are  equal  to  Uq-u  ,  Because  these  vibronic  transitions  are  well  resolved,  it  is 
possible  to  make  assignments  of  vibrational  modes  in  octahedral  UClg’  species  from  the 
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vibronic  spectrum.  As  already  pointed  out  above,  the  odd  vibrational  modes  are  expected 
to  couple  most  strongly  with  the  electronic  transitions.  In  our  case,  these  odd  vibrational 
modes  are  U3,  U4,  and  of  the  octahedral  complex.  (The  nomenclature  follows  the 
assignments  by  Nakamoto.'^)  The  mode  (T2„  symmetry)  involves  only  angle 
deformations,  whereas  the  Ujand  modes  involve  uranium-halogen  bond  stretching.  A 
comparison  of  the  vibrational  frequencies  observed  in  our  system  and  those  in  the 
literature‘s  is  given  in  Table  1. 

Changing  the  above  acidic  melt  to  a  basic  melt  by  adding  EMIC  caused  the 
gradual  disappearance  of  the  U(V)  spectrum  and  the  concomitant  appearance  of  a  new  set 
of  bands.  The  absorption  spectrum  recorded  in  the  basic  melt  of  composition 
A1C13:EMIC  =  45:55  is  given  in  Figure  2a.  This  spectrum  is  identical  to  that  from  the 
uranium(IV)  hexachloride  complex  in  the  same  me!t(Figure  2b).  This  conversion  of  U(V) 
to  U(IV)  establishes  that  the  uranium(V)  chloride  complex  underwent  a  reduction  reaction 
to  form  the  uranium(IV)  hexachloride  complex.  Because  the  molar  extinction  coefficient 
of  uranium(IV)  hexachloride  in  the  basic  melt  has  been  determined  previously, the 
stoichiometric  ratio  of  U(total) :  U(IV)  in  this  redox  process  was  experimentally 
determined  to  be  1:1.  This  suggests  that  the  formation  of  uranium  (IV)  hexachloride  in  the 
basic  melt  is  not  via  the  disproportionation  reaction  of  U(V),  i.e.,  2UCI5  -  UClg  +  UCI4. 
Therefore,  we  conclude  that  the  uranlum(IV)  species  is  formed  as  a  result  of  the  oxidation 
of  one  or  more  components  of  the  basic  melt  by  the  uranium(V)  hexachloride  complex. 
Clearly,  the  redox  chemistry  of  uranium(V)  in  molten  salts  is  very  different  from  that  in 
aqueous  solutions,  where  the  disproportionation  is  a  dominant  process.  Hussey  and  his 
coworkers  have  found  a  similar  reduction  reaction  in  the  dissolution  of  M0CI5  in  the  same 
kind  of  basic  melt.*’  In  their  case,  a  total  reduction  of  MoClg’  to  MoCl^’'  was  obseiwed. 

In  conclusion,  the  optical  spectrum  of  an  uranium(V)  chloride  complex  obtained 
by  the  dissolution  of  UCI5  *80012  in  an  acidic  chloroaluminate  melt  has  been  measured. 
The  characteristic  fine  vibronic  structure  is  consistent  with  uranium(V)  hexachloride 
complex.  The  dependence  of  the  stability  of  this  uranium(V)  complex  on  the  Lewis 
acidity  of  the  melt  has  been  demonstrated.  The  formation  of  an  uranium(IV)  hexachloride 
complex  from  the  initial  uranium(V)  hexachloride  complex  as  the  melt  becomes  basic  is 
facilitated  by  the  oxidation  of  the  melt  components  not  the  result  of  disproportionation 
reaction  of  the  uranium(V)  hexachloride  complex. 
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Table  1.  Vibrational  frequencies  of  octahedral  uranium(V)  hexachloride  complexes 
obtained  from  the  respective  vibronic  absorption  spectra. 


Vibrational 

Mode 

Vibrational  Freq.  (cm'’,  this  work) 

Vibration  Freq.  (cm*’,  literature)’^ 

312.0 

315.0 

122.0 

122.0 

91.0 

92.0 
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Figure  1.  UV-visible  spectmm  from  an  uramum(V)  hexachloride  complex  in  an  acidic  melt 
(AlCIjiEMIC  =  62:38)  at  room  temperature. 


Figure  2.  UV-visible  spectrum  recorded  at  room  temperature  from  (a)  an  uranium(IV) 
hexachloride  complex  in  a  basic  melt  (AlCljiEMIC  =  45:55)  prepared  by  the  direct  dissolution  of 
UCI4  into  the  melt;  and  (b)  an  uranium(IV)  hexachloride  complex  in  a  basic  melt  (AlCl3:EMIC  = 
45:55)  prepared  by  addition  of  EMIC  to  an  acidic  melt  containing  uranium(V)  hexachloride 
complex. 
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SUMMARY 

Different  aspects  of  the  cathodic  deposition  of  magnesium  from  molten 
halides  have  been  investigated.  The  charge  transfer,  which  was  determined 
by  a  combined  AC  impedance/potential  relaxation  technique,  follows  a 
two  step  mechanism.  The  first  step  is  rate  controlling  with  a  significant 
effect  of  melt  composition,  while  the  second  step  is  very  fast  with  an 
exchange  cd  of  25-30  A  cm'^  at  750 °C. 

At  potentials  above  a  critical  nucleation  potential,  underpotential 
deposition  of  a  monolayer  or  a  few  layers  of  Mg  is  observed.  In  this 
region  the  reaction  is  either  controlled  by  diffusion  of  reactant,  in  dilute 
solutions,  or  product;  ie  dissolved  magnesium,  in  pure  MgClj. 

Nucleation  seems  to  be  instantaneous  in  dilute  solution  and  changes  from 
progressive  to  instantaneous  (constant  number  of  nuclei)  at  high  negative 
potentials  in  pure  magnesium  halide  melts.  Unstable  nucleation  is  found 
at  some  conditions  and  is  related  to  the  observation  of  a  fog. 
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INTRODUCTION 


Cathodic  deposition  of  magnesium  from  various  chloride  melts  on  different  substrates  has 
been  studied  by  several  authors  /1-5/.  Most  of  the  electrochemical  measurements  in 
MgCl2  containing  melts  reported  in  the  literature  has  been  performed  in  dilute  solutions 
of  Mg(n)-species,  typically  0.1-10  wt%. 

In  dilute  solutions  the  cathode  process  has  been  found  to  be  controlled  by  diffusion  of 
the  reactant.  Alloy  formation  has  been  observed  on  platinum,  as  reported  by  Tunold  III 
and  Duan  et  al  /3/.  The  rate  constant  of  the  charge  transfer  process  on  a  Mg/Ni  electrode 
in  molten  NaCl-CaClj-MgClj  was  reported  by  Tunold  to  have  a  value  of  about  0.01 
cm/s.  This  author  also  reported  the  undeipotential  deposition  of  a  monolayer  on  iron 
electrodes,  at  potentials  approximately  100  mV  positive  to  the  Mg  deposition  potential. 

The  kinetics  of  a  liquid  magnesium  electrode  in  pure  molten  MgCl2  has  been  determined 
by  combining  ac-impedance  spectra  and  galvanostatic  relaxation  transients,  by  Kisza  et 
al  /6/.  These  authors  concluded  that  the  charge  transfer  is  a  two  step  process  and  that  the 
rate  determining  step  is  the  reduction  of  a  Mg(n)  species  to  a  Mg(I)  species  with  an 
exchange  cd  of  about  2.5  A  cm'^  at  750°C  whereas  the  second  charge  transfer  step  is 
very  fast  with  an  exchange  cd  of  bout  25  A  cm’^  at  the  same  temperature.  The  charge 
transfer  process  could  be  preceded  by  the  slow  dissociation  of  a  polynuclear  magnesium 
complex. 

The  present  authors  reported  earlier  that  the  deposition  process  was  found  to  be  unstable 
under  certain  circumstances.  The  instability  was  observed  as  an  oscillating  current  during 
potentiostatic  deposition  of  magnesium  on  glassy  carbon  from  pure  MgClz  111 . 

Raman  spectroscopic  studies  of  molten  magnesium  chloride  and  alkali  chloride- 
magnesium  chloride  mixtures  have  been  reported  by  Balasubramanyam  /8/ ,  Capwell  /9/ 
and  Huang  and  Brooker  /lO/.  There  is  a  general  agreement  that  molten  magnesium 
chloride  to  a  certain  extent  retains  the  polynuclear  structure  found  in  the  solid  state,  also 
in  the  liquid  state.  Huang  and  Brooker  /lO/  observed  peaks  which  were  assigned  to 
tetrahedral  MgCl4^  -species  also  in  pure  MgCl2. 

The  reported  measurements  are  part  of  an  extensive  study  of  the  cathode  process  in  pure 
and  dilute  molten  magnesium  halides. 
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EXPERIMENTAL 


Anhydrous  MgClj  was  prepared  by  drying  magnesium  hexadydrate  (Merck,  p.a)  in 
HCl(g)  during  slow  heating  to  450® C  and  subsequently  distilled  under  vacuum  (p<0.1 
Pa).  MgFj,  NaCl  and  KCl  were  dried  under  vacuum  at  temperatures  slowly  increasing 
up  to  600 °C.  LiCl  was  treated  by  dry  HCl  gas  at  temperatures  slowly  increasing  up  to 
400°C  and  then  melted  under  vacuum  and  filtered.  MgClj  is  very  hygroscopic  and  all 
handling  of  the  salts  was  carried  out  in  a  glove  box  with  dry  argon  atmosphere.  During 
measurements  the  experimental  cell  was  also  purged  with  dry  argon. 

The  working  electrodes  were  rods  of  glassy  carbon  (Tokai,  GC30S),  iron  (Johnson 
Matthey,  specpure)  or  molybdenum  (Riedel-DeHaen  AG,  99.8%)  press^  into  graphite. 
The  counter  electrode  was  either  a  graphite  or  a  glassy  carbon  rod,  while  the  reference 
electrode  was  either  magnesium  metal  contained  in  an  oxide  tube  in  direct  contact  with 
the  melt  or  a  platinum  wire  acting  as  a  quasi-reversible  reference  electrode. 


RESULTS  AND  DISCUSSION 
Charge  transfer  kinetics  in  the  binary  system  MgClj-NaCl 

The  rate  of  charge  transfer  of  metallic  electrodes  in  molten  binary  mixtures  as  a  lunction 
of  composition  is  not  determined  frequently  due  to  lack  of  methods  for  studying  fast 
electrode  reactions.  In  this  case  the  combination  of  impedance  spectroscopy  and  potential 
relaxation  after  current  interruption  has  been  used.  This  combination  method  is  developed 
by  Kisza  /  1 1,12/  and  has  been  used  for  the  determination  of  very  high  exchange  cds,  up 
to  200  A  cm‘^,  as  in  the  pure  NaCl  melt  /1 3/. 

In  the  present  work  kinetic  parameters  for  the  Mg  electrode  in  the  system  MgClj-NaCl 
were  determined  in  the  concentration  range  from  20  to  100%  MgClj  and  in  the 
temperature  range  from  540®  (for  some  compositions)  to  820®C. 

The  analysis  of  the  data  shows  that  the  reduction  of  the  Mg(n)  species  is  a  two  step 
charge  transfer  process.  The  values  of  K,  for  the  high  frequency  step  at  differept 
compositions  and  temperatures  are  tabulated  in  Table  1.  The  results  correspond  to  a  step 
with  very  high  charge  transfer  rate.  The  rate  of  this  step  increases  with  temperature,  but 
does  not  change  very  much  with  composition,  with  only  a  shallow  maximum  around 
^Mgcu  ~  0.75. 

The  exchange  cd  of  the  low  frequency  step  as  a  function  of  composition  at  755  C  is 
shown  in  Fig  1.  The  rate  ofof  this  step  increases  shaiply  with  decreeasin  x^gcc  from 
2.7  A  cm-2  in  pure  MgCl^  to  11.6  A  cm'"  at  75  mol%  MgClj  and  then  decreases 
continuously  to  about  3.0  A  cm'^  at  20  moI%  MgCl2. 
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Table  1. 


Values  of  the  exchange  current  density  (A/cm^)  of  the  high  frequency 
second  step  for  different  melts  at  various  temperatures. _ 


1.0 

0.88 

0.75 

mm 

725 

20.6 

25.2 

26.0 

740 

(28.3) 

27.4 

29.5 

755 

24.7 

29.7 

33.3 

770 

26.7 

32.1 

37.4 

785 

34.7 

34.6 

41.9 

0.63 

0.50 

0.33 

25.6 

25.9 

28.3 

27.7 

31.3 

29.6 

34.4 

33.6 

31.5 

23.3 

37.8 

36.2 

33.5 

24.5 

The  mechanism  of  the  charge  transfer 

In  pure  molten  MgCl2  polynuclear  complexes  exist  which  retain  parts  of  the  structure  in 
solid  MgCl2,  as  shown  by  Raman  spectroscopy  /lO/.  When  alkali  chlorides  are  added, 
more  mobile  structures  are  created  with  the  subsequent  formation  of  very  stable 
tetrahedral  MgC^^'  complex  ions.  When  adding  NaCl  to  MgCl2  the  availability  of  "free" 
Mg(II)-species  increases.  In  Fig  1  is  also  drawn  the  activity  vs  composition  curve  for 
MgCl2  as  determined  potentiometrically  by  Ikeuchi  and  Krohn  /14/.  The  figure  shows 
a  very  interesting  correlation  between  2iu%,ca  exchange  cd  for  the  low  frequency 

step  in  the  range  of  75  to  20%  MgCl2.  These  results  reveal  that  the  rather  slow  low 
frequency  step  most  probably  is  the  first,  composition  dependent  step  whereas  the  fast 
high  frequency  and  composition  independent  step  is  the  second  one  in  the  total  charge 
transfer  process. 

The  primary  step  probably  consists  of  breaking  up  of  a  polynuclear  species.  In  pure  or 
nearly  pure  MgCl2  it  might  formally  be  written  in  the  following  way: 

(MgCl2)„  Mg^+  +  Mg,.,Cl2„"-  [la] 

The  addition  of  NaCl  increases  the  availability  of  "free"  Mg^^.  At  higher  concentrations 
of  alkali  chloride  the  tetrahedral  complex  is  formed,  which  dissociates  according  to: 

MgCl4"-  Mg'+  +  4  Cl-  [lb] 


The  next  two  steps  can  then  be  formulated  as  follows  /13/: 

Mg2+  +  e  ->  Mg\,ds)  P] 

Mg^(ads)  +  e  Mg(0)  (in  solution)  [3] 
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The  very  high  rate  of  the  second  charge  transfer  step  probably  means  that  the  monovalent 
species  are  very  unstable  and  exist  only  at  the  interface.  The  dimeric  form  of  the 
monovalent  species,  Mgj^"',  is  probably  more  stable  as  proposed  by  van  Norman  and 
Egan  /1 5/.  The  two  electrons  which  are  transferred  into  the  homogeneous  solution  are 
strongly  trapped  by  the  magnesium  species.  No  measurable  electronic  conductivity  due 
to  mobile  electrons  is  observed  in  the  Mg-MgClj  system  /1 6/. 


UNDERPOTENTIAL  DEPOSITION  AND  DIFFUSION 

A  typical  voltammogram  obtained  on  glassy  carbon  (GC)  electrodes  in  pure  molten 
MgCl2  is  given  in  Fig  2.  Similar  voltammograms  were  obtained  in  molten  MgClj-MgFj. 
The  magnesium  deposition  is  observed  as  wave  (A).  By  reversing  the  potential  scan,  peak 
(B),  which  is  typical  for  stripping  of  a  deposit,  is  recorded.  The  chlorine  evolution  is 
observed  as  wave  (C).  The  peaks  D  and  D’  are  most  likely  due  to  the  formation  and 
dissolution  of  an  adsorbed  layer  of  reduced  magnesium  species  equivalent  to  an 
underpotential  deposition  (UPD).  The  charge  of  the  cathodic  prepeak  (D)  corresponds 
to  1-3  monolayers  while  the  charge  corresponding  to  the  anodic  peak  (D’)  in  general  is 
somewhat  higher  and  typically  amounts  to  3-8  monolayers.  This  means  that  the  charge 
involved  in  the  UPD  increased  during  normal  deposition  of  Mg.  The  difference  between 
the  peak  potential  of  the  underpotential  deposition  on  glassy  carbon  and  the  potential  of 
the  magnesium  reference  electrode  was  found  to  be  50  to  100  mV,  which  corresponds 
to  an  energy  difference  of  10  to  20  kJ/mol.  Such  undeipotential  deposition  was  also 
observed  on  metalUc  electrodes  (Fe,  Mo),  but  the  observed  peaks  (due  to  the  UPD 
process)  were  less  reproducible  on  these  electrodes.  This  could  be  due  to  problems 
related  to  removal  of  all  magnesium  deposited  in  the  UPD  process  between  each  potential 
scan.  There  also  exists  the  possibility  of  a  very  smaU  alloy  formation  with  the  metaUic 
substrates,  even  if  molybdenum  is  not  known  to  alloy  with  magnesium  and  iron  alloys 
to  an  insignificant  extent. 

By  applying  cathodic  potential  pulses  a  hump  due  to  UPD  was  observed,  as  shown  in 
Fig  3.  The  charge  associated  with  this  hump  was  found  to  be  0.5-0.6  mC/cm^  at 
temperatures  above  the  melting  point  of  magnesium  and  0. 1-0.3  mC/cm^  at  647'’C, 
which  is  below  the  melting  point  of  Mg  (bSO'^C).  The  theoretical  charge  required  to  form 
a  dense  monolayer  of  magnesium  atoms  is  about  0.8  mC/cm^.  Consequently  the  obtained 
data  indicate  that  the  electrode  becomes  only  partly  covered  by  this  layer  during  the 
initial  period  (-0.15  ms).  By  comparing  this  information  with  the  estimated  charge  from 
corresponding  peaks  in  the  voltammogram,  it  seems  that  the  layer  formation  takes  place 
on  a  more  extended  time  scale  than  indicated  by  the  hump  in  the  current  transients.  The 
charge  of  this  layer  was  not  found  to  depend  significantly  on  the  applied  potential  in  the 
region  studied  (-1-  50  mV  to  -  30  mV  vs  Mg).  Similar  values  have  been  obtained  also  on 
iron  electrodes  in  the  pure  MgCl2  system.  To  study  this  UPD  further  current  transients 
were  plotted  as  log  i  versus  log  t.  The  slopes  of  these  plots  were  expected  to  be  close  to 
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one,  which  would  indicate  the  nucleation  of  a  two  dimensional  adsorption  layer  l\ll.  The 
calculated  slopes,  however,  were  much  lower  (0.01-0.05)  for  the  iron  electrode  in  MgCl2 
as  well  as  the  glassy  carbon  electrode  in  the  MgClj-MgFj  mixture.  This  can  be  explained 
by  more  than  one  process  in  parallel  in  the  actual  time  range.  These  processes  are  likely 
to  be  charge  transfer  followed  by  nucleation  at  the  surface  and/or  diffusion  of  dissolved 
magnesium  away  from  the  electrode  surface. 

From  the  voltammogram  in  Fig  2  a  small  limiting  cd  is  observed  at  potentials  anodic 
(positive)  to  the  UPD.  In  this  potentials  range  also  diffusion  controlled  transients 
following  the  Cottrell  equation  were  recorded,  both  for  pure  MgCl2  and  MgCl2-MgF2 
melts.  Since  Mg(n)-species  are  the  only  cations  in  these  melts  the  mass  transfer 
controlled  process  most  likely  corresponds  to  diffusion  of  the  product,  which  is  metal 
going  into  homogeneous  solution  in  the  melt  and  diffusing  away  from  the  electrode 
interphase  to  the  bulk  electrolyte. 


NUCLEATION  AND  PHASE  FORMATION  OF  Mg 

Nucleation  of  magnesium  from  various  halide  melts  was  studied  by  classical 
electrochemical  techniques.  In  order  to  compare  the  behaviour  in  concentrated  and  dilute 
systems,  both  pure  MgClj  and  MgCl2-MgF2  and  mixtures  of  alkali  chlorides  with  small 
amounts  of  MgCl2,  were  investigated.  The  phenomenon  with  the  formation  of  socalled 
metal  "fog"  was  studied  by  visual  observations  and  electrochemical  oxidation. 

At  potentials  negative  to  a  critical  nucleation  potential,  nucleation  and  formation  of  a  Mg 
phase  started.  This  critical  potential  was  determined  to  be  about  -  15  mV  for  Mo 
electrodes  and  about  -  20  mV  for  electrodes  of  Fe  and  GC.  Potentiostatic  current 
transients  for  nucleation  and  growth  during  deposition  of  Mg  on  GC  from  a  melt  of  5 
wt%  MgCl2  in  NaCl-KCl  at  750 °C  are  shown  in  Fig  4.  Log/log  plots  of  the  rising  parts 
of  the  same  transients  where  overlap  of  the  single  nuclei  are  not  prevailing,  are  shown 
in  Fig  5.  The  slopes  of  these  plots  vary  from  0.3  to  0.5  with  a  slight  increase  with 
decreasing  potential.  Similar  log/log  plots  are  shown  in  Fig  6  for  pure  MgCl2  at  750 °C. 


Nucleation  mechanisms 

The  transients  of  nucleation  have  different  shapes  depending  on  which  type  of  nucleation 
kinetics  are  prevailing.  In  the  following  we  have  summarized  the  ideal  theoretical  time 
dependency  of  the  rising  part  of  the  current  for  different  rate  controlling  steps  at  short 
times  /18,19/. 
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Instantaneous: 

Progressive: 


i  ~  Ki  •  t 
i  ~  Kj  t^ 


Three  dimensional  nucleation: 

Instantaneous:  i  ~  Kg-t^ 

Progressive:  i  ~  K^-t^ 

Three  dimensional  with  diffusion  control: 

Instantaneous:  i  ~ 

Progressive:  i  —  IQ-t^'^ 

In  dilute  melts  we  obtained  exponents  varying  between  0.3  and  0.5.  This  points  to 
instantaneous  nucleation;  i.e.  (nearly)  all  nuclei  form  from  start  (instantaneously)  and 
grow  with  diffusion  control.  In  the  pure  melt  it  seems  that  the  nucleation  could  be 
instantaneous  at  low  cathodic  overpotentials  with  an  exponent  of  about  0.7.  At  high 
cathodic  overpotentials  the  mechanism  seem  to  change  from  progressive  to  instantaneous, 
where  the  number  of  nuclei  becomes  constant,  corresponding  to  a  decrease  in  the 
exponent  from  1.6  to  0.4-0.5.  Possible  mechanisms  are  either  control  by  diffusion  of 
homogeneously  dissolved  metal  in  supersaturation  or  that  small  nuclei  are  growing  under 
the  control  of  migration  of  magnesium  cations.  These  two  types  of  transport  should  be 
governed  by  similar  laws.  The  mechanism  then  depends  on  the  site  of  the  charge 
transfer. 

In  "oxide  free"  melts  (see  later)  nucleation  seemed  to  be  dependent  on  the  substrate.  On 
Mo  electrodes  nucleation  was  always  stable  with  a  rather  constant  current  vs  time 
behaviour.  It  seeemed  that  the  nucleation  was  very  fast  on  this  material  with  a  high 
number  of,  probably,  two  dimensional  nuclei  that  continued  to  grow  like  a  two 
dimensional  film,  layer  by  layer. 

In  most  cases  the  iron  electrodes  exhibited  "normal"  behaviour  with  a  falling,  diffusion 
controlled  transient  followed  by  a  rising  portion,  as  discussed  above. 

With  nearly  all  the  GC  electrodes  at  high  cathodic  potentials  and  some  of  the  totally  fresh 
iron  electrode  surfaces,  unstable  nucleation  took  place  in  "oxide  free"  melts. 
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Stability  of  nuclei,  effect  of  substrate  and  oxide  content 

The  oxide  content  in  the  melt  could  be  varied  qualitatively  from  a  very  low  level  in 
"oxide  free"  melts  to  saturation.  In  the  "oxide  free"  melts  a  Pt  wire  was  used  as  the 
reference  electrode.  In  this  way  all  ceramic  materials,  including  the  ceramic  tube 
containing  the  Mg-reference  electrode,  could  be  omitted.  The  Pt  electrode  was  rather 
stable  but  is  not  thermodynamically  defined.  As  can  be  observed  in  Fig  7,  which  shows 
transients  on  GC  electrodes  in  an  "oxide  free"  pure  MgCl2  melt,  the  current  suddenly 
changed  from  cathodic  to  anodic  giving  rise  to  an  oscillatory  behaviour.  The 
interpretation  of  these  transients  is  as  follows:  In  the  first  period  of  time  nucleation 
occurs.  In  the  second  period  nucleation  stops  and  aU,  or  part  of  the  nuclei,  seem  to 
dissolve  anodically  giving  rise  to  an  anodic  current.  Subsequent  nucleation  and 
dissolution  periods  are  following.  One  reason  for  this  could  be  that  the  reference 
electrode  is  exposed  to  a  wave  of  dissolved  chlorine  from  the  anode  reaction.  This  then 
would  bring  the  potentials  of  the  reference  electrode  and  thereby  the  working  electrode, 
in  the  anodic  direction.  This  explanation  seem  not  to  be  valid,  however,  since  instability 
on  GC  electrodes  were  also  found  with  a  Mg  reference  electrode  surrounded  by  a  MgO 
tube. 

Another  possible  explanation  is  connected  with  the  "fog"  formation,  which  is  a 
phenomenon  observed  when  producing  molten  metals  from  melts.  The  nature  of  this  fog 
is  not  clear  but  one  possible  explanation  is  that  the  fog  consists  of  very  small  molten 
particles  nucleated  homogenously  from  a  melt,  supersaturated  with  dissolved  metal.  The 
necessity  of  a  certain  supersaturation  is  well  known  for  all  types  of  nucleation  processes. 
Consequently  the  melt  is  supersaturated  with  respect  to  dissolved  metal  when  magnesium 
nucleates  at  the  electrode.  The  degree  of  critical  supersaturation  will  depend  on  the 
interfacial  interaction  between  the  metal,  the  melt  and  the  substrate.  In  a  very  cathodic 
potential  pulse  the  supersaturation  becomes  very  high  with  the  possibility  of  an  abrupt 
homogeneous  nucleation  and  growth  to  tiny  droplets  in  the  melt  adjacent  to  the  electrode. 
This  would  then  lead  to  a  sudden  reduction  in  the  concentration  of  dissolved  metal  in  the 
interphase  with  a  corresponding  instability  of  the  smallest  magnesium  nuclei  attached  to 
the  electrode  with  subsequent  electrochemical  dissolution. 

A  high  level  of  oxide  in  the  melt  seeems  to  stabilize  the  nuclei,  probably  by  changing  the 
surface  energy  of  magnesium.  The  same  is  true  for  nucleation  of  solid  Mg.  No  instability 
was  found  below  the  melting  point  of  Mg. 


Fog  formation 

Optically  one  could  observe  the  fog  formation  at  the  electrode/electrolyte  interphase 
immediately  (within  2-3  s)  after  applying  a  cathodic  pulse.  The  particulate  nature  of  this 
fog  is  indicated  by  the  voltammogram  in  Fig  8,  obtained  in  a  dilute  melt  with 


Electrochemical  Society  Proceedings  Volume  96-7 


164 


5  wt%  MgClj  +  3%  MgFa  in  NaCl-KCl.  After  cathodic  deposition  the  anodic  oxidation 
wave  shows  small  narrow  peaks  over  the  whole  anodic  potential  range  superimposed  on 
a  general  oxidation  wave.  If  one  presume  that  each  peak  is  associated  with  the  oxidation 
of  one  tiny  Mg-particle  (droplet),  then  the  diameter  of  these  peaks  varies  between  40  and 
120  nm.  Similar  results  have  been  obtained  in  pure  MgClj. 


CONCLUSIONS 

The  total  process  in  the  deposition  of  magnesium  from  halide  melts  consists  of  several 
steps,  diffusion  of  reactants  in  dilute  melts,  charge  transfer,  diffusion  of  metal  dissolved 
in  the  melt  from  the  interphase  and  nucleation  and  growth  of  a  Mg  phase. 

The  charge  transfer  follows  a  two  step  process  with  a  composition  dependent  slower  first 
step  and  a  composition  independent  very  fast  second  step. 

Underpotential  deposition  and  nucleation  are  observed.  Nucleation  kinetics  vary  with 
substrate  and  potential.  The  stability  of  nuclei  also  depends  on  substrate  and  on  the  oxide 
level  in  the  melt. 


REFERENCES 

1.  R.  Tunold,  Light  Metals,  109th  AIME  Annual  Meeting,  949  (1980). 

2.  G.M.  Rao,  J.  Electroanal.  Chem.,  16,  775  (1986). 

3.  S.  Duan,  P.G.  Dudley  and  D.  Inman,  Proc.  fifth  Int.  Symp.  Molten  Salts,  The 

Electrochem.  Soc.,  86-1,  248  (1986). 

4.  S.Y.  Yoon,  "A  Spectroelectrochemical  Study  of  Aluminium  and  Magnesium 
Electrolysis  in  Molten  Chlorides",  Ph.D. thesis,  MIT,  1987. 

5.  Z.  Youngjin  and  L.  Liangming,  J.  Cent.-South  Inst.  Min.metal,  22  (5),  529 
(1992). 

6.  A.  Kisza,  J.  Kazmierczak,  B.  Borresen,  G.M.  Haarberg  and  R.  Tunold, 

J.  Appl  Electrochem.,  25,  940  (1995). 

7.  B.  Borresen,  G.M.  Haarberg,  R.  Tunold  and  O.  Wallevik,  J.  Electrochem.  Soc., 
140  (6),  L99  (1993). 

8.  K.  Balasubrahmanyam,  J.  Chem.  Phys.,  44  (3),  443  (1972). 


Electrochemical  Society  Proceedings  Volume  96-7 


165 


9.  RJ.  Capwell,  Chem.  Phys.  Letters,  12  (3),  443  (1972). 

10.  C.H.  Huang  and  M.H.  Brooker,  Chem.  Phys.  Letters,  43  (1),  180  (1976). 

11.  A.  Kisza,  Polish  J.  Chem.,  67,  885  (1993). 

12.  A.  Kisza,  Polish  J.  Chem.,  68,  613  (1994). 

13.  A.  Kisza,  J.  Kazmierczak,  B.  Borresen,  G.M,  Haarberg  and  R.  Tunold, 

J.  Electrochem.  Soc.,  142,  1035  (1995). 

14.  H.  Ikeuchi  and  C.  Krohn,  Acta  Chem.  Scand.,  23,  2230  (1969). 

15.  J.D.  van  Norman  and  J.J.  Egan,  J.  Phys.  Chem.,  67,  2460  (1963). 

16.  J.J.  Egan,  private  communication. 

17.  E.  Budevski,  Progress  in  Surface  and  Membrane  Science,  Eds.  D.  A.  Cadenhead 
and  J.F.  DanieU,  Academic  press,  11,  71  (1976). 

18.  R.D.  Armstrong,  M.  Fleischmann  and  H.R.  Thirsk,  J.  Electroanal.  Chem.,  11, 
205  (1966). 

19.  Instrumental  Methods  in  Electrochemistry,  ed  Southampton  Electrochemistry 
Group,  Ellis  Harwood,  London  (1990). 


Electrochemical  Society  Proceedings  Volume  96-7 


166 


Current  density  (mA/cm2) 


0  20  40  60  80 

mole  %  of  NaCi 


Fig  1.  The  exchange  cd  of  the  first  step  in  the  discharge  of 

Mg(n)  species  in  the  system  MgClj-NaCl  as  a  function 
of  composition  and  compared  with  activity  data  for 
MgCl^. 


0  Potential  (V)  2.5 


Fig  2.  Cyclic  voltammogram  on  a  glassy  carbon  (GC)  electrode 

in  molten  MgClj  at  725°C,  sweep  rate  100  mVs  '. 
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Fig  3.  Cathodic  current  transients  on  GC  electrode  in 

MgCl2-MgF2,  T  =  656° C.  Applied  potential  1)  + 
20  mV,  2)  +  10  mV  vs 


Fig  4.  Cathodic  current  transients  at  different  overpotentials  on 

GC  electrode  in  NaCl-KCI  +  5  wt%  MgCl2,  T  = 

750  "C. 
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Fig  5.  The  transients  from  Fig  4  plotted  as  log  I  vs  log  t. 


Fig  6.  Cathodic  transients  on  GC  electrode  in  pure  MgClj 

plotted  as  log  i  vs  log  t,  T  =  750°C. 

A)rj  =  -  150  mV;  B)  v  =  -  180  mV;  C)  rj  =  ~  290  mV 
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Fig  7.  Potentiostatic  current  transients  on  GC  electrode  in  pure 

MgClj  at  different  overpotentials  showing  instability  of 
nuclei. 


Fig  8.  Cyclic  voltammogram  on  GC  in  NaCl-KCl  +  5  wt% 

MgCla,  T  =  680°C,  v  =  5  mVs  ^ 
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ABSTRACT 

The  effect  of  fluoride  addition  on  Ti  electrorefining  in  a  NaCl-KCl  melt  has 
been  investigated  at  973K.  The  dominant  Ti  ion  and  its  electrode  reaction 
changed  with  the  fluoride  addition.  In  a  melt  where  the  molar  ratio  of  F  ion 
to  Ti  ion,  [F/Ti],  was  below  1,  the  dominant  Ti  ion  was  Ti^'^  and  the  electrode 
reaction  was  Ti^TP'"+2e  under  our  experimental  condition.  In  a  melt  of 
[F/Ti]>6,  the  dominant  ion  was  Ti^^  and  the  electrode  reaction  was 
Ti*^Ti^++3e.  The  contents  of  impurities  in  the  Ti  metal  deposit  on  the 
cathode  also  depended  strongly  upon  [F/Ti].  The  contents  of  Cr  and  Mn, 
which  could  not  be  eliminated  completely  in  a  pure  chloride  melt,  decreased 
immediately  with  fluoride  addition.  However,  the  content  of  A1  increased 
gradually  with  fluoride  addition. 


INTRODUCTION 

Titanium  of  high  purity  is  used  for  electric  devices.  The  electrorefining  is  one  of  the  most 
general  procedures  to  produce  high  purity  Ti.  Many  works  on  Ti  electrorefming  in  molten 
salts  were  reported(l),  and  A.Girginov  et  al.  summarized  the  electrode  reactions  of  Ti 
recently(2).  We  also  have  been  studying  the  Ti  electrorefining  in  a  chloride  melt. 

It  is  well-known  that  the  electrode  reaction  of  Ti  in  a  chloride  melt  changes  with  fluoride 
addition(2).  Some  researchers  have  reported  that  the  purification  effect  also  depended  upon 
the  presence  of  fluoride  in  a  melt(3).  However,  most  of  these  studies  were  carried  out  in  the 
melts  in  which  the  fluoride  ion  concentration  was  relatively  high.  In  this  work,  we  focused 
on  Ti  electrorefming  in  a  melt  of  low  fluoride  ion  concentration,  and  discussed  the  effect  of 
fluoride  addition. 


EXPERIMENTAL 

The  schematic  diagram  of  our  experimental  apparatus  is  shown  in  Figure  1.  Titanium 
chloride  was  synthesized  in  an  equimolar  NaCl-KCl  melt  by  the  reaction  of  TiCU  with  Ti 
metal  in  the  quartz  glass  apparatus,  and  the  mixture  was  solidified.  A  Ni  crucible  with  the 
prepared  salt  was  set  in  an  airtight  container  under  high  purity  Ar  flow.  The  container  itself 
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was  set  in  the  electric  furnace  in  the  Ar-filled  glove  box.  The  apparatus  was  heated  to  973K, 
and  the  electrolysis  was  carried  out.  The  fluoride  ion  concentration  was  controlled  by  the 
succeeding  additions  of  an  equimolar  NaF-KF  mixture.  The  thermocouple  with  a  pure 
alumina  sheath  was  soaked  in  a  pure  chloride  melt.  However,  it  was  pulled  out  before 
fluoride  addition  to  prevent  the  alumina  sheath  from  dissolving. 

A  strip  (~2mmx30mmxlmm)  of  high  purity  Ti  was  used  as  a  cathode.  The  anode  was 
a  Ti  rod  (commercial  grade,  lOmmcj)),  and  a  Ni  or  Ti  wire  was  used  as  a  quasi-reference 
electrode.  The  electrolysis  was  performed  as  the  cathodic  overpotential  became  constant. 
To  eliminate  the  impurities  in  a  melt,  the  pre-electrolysis  was  carried  out  thoroughly  before 
fluoride  addition.  After  this  treatment,  the  average  valence  of  Ti  ion  in  the  melt  became 
about  2. 

The  electrodeposit  on  the  cathode  was  rinsed  and  weighed.  The  cathodic  current 
efficiency  was  calculated  from  the  amount  of  electricity  and  the  weight  of  deposit.  The 
content  of  impurity  in  a  deposit  was  measured  by  ICP.  Small  amounts  of  melt  were 
occasionally  sampled  by  collecting  the  melt  in  a  quartz  tube.  The  Ti  ion  concentration  and 
its  valence  in  the  sampled  melt  were  evaluated  by  chemical  analysis. 

The  effect  of  fluoride  addition  should  be  controlled  not  so  much  by  the  fluoride  ion 
concentration  itself  as  by  the  molar  ratio  of  fluoride  ion  to  Ti  ion  in  a  melt.  Therefore,  we 
present  our  experimental  results  by  this  ratio,  and  it  is  represented  by  [F/Ti]  in  this  paper. 
The  ratio  [F/Ti]  was  calculated  from  the  measured  Ti  ion  concentration  and  the  added 
amount  of  NaF-KF. 


RESULT  AND  DISCUSSION 


Change  in  Ti  Ion  in  Melt 

The  color  of  the  melt  changed  with  fluoride  addition.  The  color  was  green  in  a  melt  of 
[F/Ti]=0~  1,  while  it  was  purple  in  a  melt  of  [F/Ti]>6.  In  a  melt  of  [F/Tij-l  ~5,  the  color  was 
Wack  though  it  changed  to  green  after  solidification.  The  rest  potential  of  Ti  metal  changed 
gradually  to  the  positive  with  fluoride  addition  when  [F/Ti]<2,  and  then  shifted  sharply 
toward  the  positive  at  [F/Ti]=2~3.  The  rest  potential  did  not  change  in  a  melt  of  [F/Ti]>4. 

The  total  Ti  ion  concentration  and  the  average  valence  of  Ti  ion  in  a  melt  were  affected 
by  fluoride  addition.  The  changes  in  the  average  valence  of  Ti  ion  and  in  the  compensated 
Ti  amount  in  a  melt  are  shown  in  Figure  2.  Because  the  amount  of  sampled  melts  and  the 
amount  of  added  NaF-KF  were  not  negligible,  the  compensated  Ti  amount  for  both  of  them 
was  plotted  instead  of  the  Ti  ion  concentration.  The  average  valence  of  Ti  ion  before  fluoride 
addition  was  about  2,  and  increased  with  [F/Tij.  It  was  almost  constant,  -3,  in  a  melt  of 
[F/Ti]>3.  The  Ti  amount  in  a  melt  decreased  with  fluoride  addition  in  a  melt  of  [F/Ti]<4,  and 
did  not  change  in  a  melt  of  [F/Ti]>4.  The  Ti  amount  in  a  melt  of  [F/Ti]>4  was  about  70% 
of  that  in  the  pure  chloride  melt. 

The  color  of  melt  and  the  result  of  chemical  analysis  showed  that  the  dominant  valence 
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of  Ti  ion  was  TP  in  a  melt  of  [F/Ti]<l  and  Ti^-^in  a  melt  of  [F/Ti]>6.  The  decrease  in  the 
total  amount  of  Ti  in  a  melt  suggested  that  the  chemical  reaction  as  follows  occurred; 

3TP+12F-  -  2TiF6^^+Ti 

The  actual  Ti  ion  concentration  was  very  important  information,  but  it  was  hard  to 
compensate  the  effect  of  sampled  melts  completely.  In  our  experiments  for  electrolysis, 
therefore,  the  melt  sampling  was  held  to  a  minimum;  just  before  the  first  fluoride  addition  ^d 
at  the  end  of  experiments.  The  ratio  [F/Ti]  was  calculated  from  the  Ti  ion  concentration 
before  the  first  fluoride  addition. 

Dependence  of  Morphology  and  Current  Efficiency 

The  cathodic  current  efficiencies  strongly  depended  upon  [F/Ti]  as  shown  in  Figure  3. 
In  a  melt  of  [F/Ti]=0~  1 ,  the  electrodeposit  was  dendritic  and  its  size  became  smaller  with  the 
increase  in  [F/Ti].  The  cathodic  current  efficiency  suggested  that  the  cathodic  reduction  was 
Ti2++2e-Ti®.  In  a  melt  of  [F/Ti]=2~5,  an  electrodeposit  could  not  be  obtained,  or  a  small 
amount  of  black  material  attached  on  the  cathode  surface  was  observed.  In  a  melt  of 
[F/Ti]>6,  the  electrodeposit  was  dendritic  but  its  size  was  smaller  than  that  in  a  melt  of 
[F/Ti]=0~  1 .  The  cathodic  current  efficiency  was  less  than  that  in  a  melt  of  [F/Ti]=0~  1 ,  and 
suggested  that  the  cathodic  reduction  of  Ti  was  Ti^'^+3e-*Ti^. 

The  dependence  of  cathodic  current  efficiency  on  the  cathodic  overpotential  is  shown  in 
Figure  4.  The  current  efficiency  was  affected  strongly  by  the  overpotential  in  a  pure  chloride 
melt,  while  it  did  not  depend  clearly  on  the  overpotential  in  a  melt  of  [F/Ti]>6.  The 
morphology  of  electrodeposit  changed  with  overpotential  in  the  pure  chloride  melt,  but  it  did 
not  change  in  a  melt  of  [F/Ti]>6. 

The  anodic  current  efficiency  was  measured  by  polarizing  a  strip  of  Ti  metal  toward  the 
positive  from  its  rest  potential.  The  dependence  of  the  anodic  current  efficiency  on  [F/Ti]  is 
shown  in  Figure  5.  The  results  suggested  that  the  anodic  dissolution  of  Ti  was  Ti-Ti2++2e 
in  a  melt  of  [F/Ti]<2  and  Ti-Ti^^+3e  in  a  melt  of  [F/Ti]>6.  The  anodic  current  efficiency 
decreased  with  [F/Ti]  in  a  melt  of  [F/Ti]=2~5.  The  dependence  of  anodic  current  efficiency 
on  the  anodic  overpotential  was  not  clear  irrespective  of  the  [F/Ti]  values. 

The  results  on  the  electrode  reaction  consisted  well  with  the  dominant  Ti  ion  shown  by 
the  analysis  of  the  melts.  Moreover,  in  a  melt  of  [F/Ti]<l  or  [F/Ti]>6,  the  cathodic  reactions 
suggested  by  our  results  agreed  well  with  those  by  some  researchers(2)(4).  The  behavior  in 
a  melt  of  [F/Ti]=2~5  was  unique.  The  Ti  ion  under  this  condition  might  exist  as  a  more 
complicated  form. 

Dependence  of  Purification 

The  typical  impurity  contents  in  the  electrodeposits  are  shown  in  Table  1.  In  a  pure 
chloride  melt,  [F/Ti]=0,  Ti  was  purified  very  effectively  even  in  our  beaker  scale  experiment, 
but  Cr  and  Mn  could  not  be  eliminated  completely.  In  a  melt  of  [F/Ti]>6,  the  contents  of  Cr 
and  Mn  in  the  deposit  were  less  than  those  in  a  chloride  melt.  On  the  other  hand,  the  content 
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of  A1  was  always  larger  than  that  in  a  chloride  melt,  especially  in  the  case  when  an  alumina 
tube  was  immersed  in  a  melt.  The  content  of  Ni  seemed  not  to  depend  directly  on  the 
presence  of  fluoride  ion.  However,  the  surface  of  the  Ni  crucible  exposed  to  a  melt 
deteriorated  when  the  melt  included  fluoride.  The  Ni  content  in  a  deposit  became  larger  in 
the  next  experiment  using  such  a  crucible  again,  though  its  surface  was  polished  thoroughly 
before  each  experiment. 

The  dependence  of  impurity  content  in  the  electrodeposit  on  [F/Ti]  is  shown  in  Figure  6. 
Chromium  and  Mn  were  eliminated  very  effectively  by  the  addition  of  a  small  amount  of 
fluoride.  The  content  of  Al  increased  gradually  with  [F/Ti].  The  contents  of  most  impurity 
were  usually  high  in  the  deposits  obtained  in  a  melt  of  [F/Ti]=2~4. 

The  elimination  factor  of  impurities  depended  not  on  the  impurity  concentration  in  a  melt 
itself  but  on  the  ratio  of  the  impurity  concentration  to  the  Ti  concentration.  Most  of  the 
impurity  concentrations  were  too  low  to  be  measured.  The  Al  concentration  in  a  melt 
increased  with  [F/Ti]  as  shown  in  Figure  7,  and  was  consistant  with  the  change  in  the  Al 
content  in  deposits.  Because  the  Ti  anode  did  not  contain  Al,  Al  in  the  Ni  crucible  might 
dissolve  in  the  melt  with  fluoride. 

The  Ti  anode  after  electrolysis  was  covered  with  a  porous  layer.  The  measurement  by 
means  of  EPMA  showed  that  the  main  ingredient  was  Ti,  and  that  Fe  and  Ni  were 
concentrated  in  it.  In  a  melt  of  [F/Ti]>6  Cr  seemed  to  be  concentrated  in  this  layer,  while 
there  was  no  indication  that  Cr  was  concentrated  in  the  anode  surface  in  a  pure  chloride  melt. 


CONCLUSION 

The  addition  of  fluoride  to  a  chloride  melt  caused  the  change  in  a  dominant  Ti  ion  from 
Ti^"^  to  Ti^^,  and  strongly  affected  the  Ti  electrorefming.  The  electrodeposit  was  obtained  in 
a  melt  of  [F/Ti]<l  or  [F/Ti]>6,  but  was  not  obtained  in  a  melt  of  [F/Ti]=l  ~5.  Chromium  and 
Mn  were  eliminated  more  effectively  in  a  melt  with  fluoride  than  in  a  pure  chloride  melt. 
However,  the  content  of  Al  and  Ni  became  larger  with  fluoride  addition. 
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Table  1  Typical  values  of  impurity  content  of  Ti  electrodeposit. 


Melt  condition  I 

TI  /V 

Content  of  impurity  /  ppm 

[Ti]/wt%*> 

[F/Ti] 

Fe 

Ni 

Cu 

A1 

Cr 

Mn 

Ca 

Si 

3.55 

0 

-0.2 

4 

<1 

<1 

27 

17 

5 

<1 

<1 

6.76 

-0.3 

4 

1 

1 

184 

<1 

1 

44 

4 

2.63 

0 

-0.2 

2 

41 

1 

1 

40 

5 

<1 

1 

9.13 

-0.3 

<1 

140 

3 

32 

1 

1 

2 

4 

Ti  anode 

600 

160 

- 

- 

140 

20 

- 

- 

*)  Ti  concentration  in  melt  before  fluoride  addition. 


WE:  working  electrode  RE:  reference  electrode 

CE:  counter  electrode  TC:  thermocouple 

Fig.  1  Experimental  apparatus. 
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<  0.2 
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Compensated  Ti  amount 
Average  valency  of  Ti  ion 


Actual  Molar  Ratio  of  F  to  Ti,  [F/Ti] 


Fig.2  Changes  in  amount  of  Ti  ion  and  average  valence  of  Ti  ion  with  fluoride  addition. 


Molar  Ratio  of  F  to  Ti,  [F/Ti] 

Fig.3  Dependence  of  cathodic  current  efficiency  on  molar  ratio  of  F  to  Ti. 
initial  Ti  ion  concentration  in  melt; 

0:2.83wt%,  A:2.86wt%,  A:3.04wt% 
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Cathodic  Overpotential,  r|  /  V 

Fig.4  Dependence  of  cathodic  current  efficiency  on  cathodic  overpotential. 


Fig. 5  Dependence  of  anodic  current  efficiency  on  molar  ratio  of  F  to  Ti. 
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Current  Efficiency,  e  /  %  (as  n=3)  Current  Efficiency,  s  /  %  (as  n=3) 


Fig.7  Change  in  A1  concentration  in  melt  with  fluoride  addition. 
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Yuzuru  Sato,  Katsuyuki  Iwabuchi,  Nobuaki  Kawaguci,  Hongmin  Zhu, 
Mamoru  Endo,  Tsutomu  Yamamura  and  *Sakae  Saito 

Department  of  Metallurgy,  Tohoku  University,  Sendai  980-77,  Japan. 
‘^Department  of  Mechanics,  Ashikaga  Institute  of  Technology,  Ashikaga  326,  Japan. 


ABSTRACT 

The  deposition  of  Nl^  and  Al  from  an  acidic  NaCl-AlCb  melt  was 
studied  by  using  the  cyclic  voltammetry  and  EPMA  observation  of  the 
deposit  in  order  to  get  a  Nb-Al  alloy  which  is  a  candidate  of  next 
generation  superconductor.  Nb  sources  used  were  niobium  chlorides, 
NbCls  and  NbsCls,  and  anodically  dissolved  niobium.  No  deposit  was 
obtained  for  NbCls  due  probably  to  a  disproportionation  reaction.  The 
deposit  obtained  for  NbsCls  was  an  alloy  although  the  Nb  content  was 
considerably  lower  than  the  stoichiometric  composition  of  super¬ 
conductive  NbsAl.  For  the  anodically  dissolved  Nb,  almost  an  equimolar 
deposit  was  obtained. 


INTRODUCTION 

Intermetallic  compound,  NbsAl  found  in  Nb-Al  system,  is  promising  material  as  a 
superconductive  material  and  a  high  temperature  structural  material.  Nb3Al  has  a  very 
high  7c  and  ./c  and  is  more  practical  than  the  oxide  superconductors.  It  also  exhibits 
excellent  mechanical  strength  at  higher  temperatures.  However,  it  is  difficult  to  process 
the  compound  to  fine  wire  or  thin  sheet  by  using  conventional  metallurgical  method 
becciuse  of  its  very  high  melting  temperature  and  its  brittle  nature. 

In  this  work,  molten  salt  electrolysis  was  adopted  to  produce  Nb-Al  alloys  from  an 
acidic  NaCl-AlCl3  melt  containing  niobium  chlorides.  Nb-Al  alloys  are  expected  to  be 
deposited  on  the  cathode  even  if  the  niobium  ion  concentration  is  low  because  niobium 
has  more  positive  standard  potential  than  aluminum  in  the  chloride  melt. 

EXPERIMENTAL 

Apparatus 

Cyclic  voltammetry  and  constant  potential  electrolysis  were  carried  out  using  a 
Hokuto  HA-305  potentiostat  and  a  HB-104  function  generator  for  studying  the  cathodic 
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behavior.  Figure  1  shows  the  electrochemical  cell.  The  cell  has  four  threaded  connectors 
for  the  electrodes  and  the  thermocouple,  and  is  placed  in  an  electric  furnace  which  is  on  a 
hot  plate  with  magnetic  stirrer  to  agitate  the  melt. 

Electrodes  used  are  shown  in  Fig.2.  The  working  electrode  is  an  end  surface  of 
polished  tungsten  wire  of  0.5mm  diameter  sealed  in  Pyrex  tube.  The  reference  electrode  is 
an  aluminum  wire,  welded  to  tungsten  wire  scaled  in  Pyrex  tube,  immersed  in  a  NaCl- 
55mol%AlCl3  melt  which  is  separated  from  the  electrolyte  with  b-Al203.  The  counter 
electrodes  are  an  aluminum  plate  which  is  also  welded  to  tungsten  wire  in  Pyrex  tube  and 
a  spiral  niobium  wire  of  0.5mm  diameter  which  was  sealed  in  Pyrex  tube. 

For  SEM  observations  and  chemical  analysis  of  the  electrodeposits,  a  Shimadzu 
EPMA-8705  electron  probe  micro  analyzer  was  used. 

Chemicals 

A1C13  in  the  form  of  large  colorless  transparent  single  crystals  was  purified  by 
sublimation  method  after  first  drying  under  vacuum(l).  NaCl  was  purified  by  dry  HCl 
bubbling  into  the  melt(l).  NbCl5  was  synthesized  directly  from  99.9%  metallic  niobium 
and  dry  chlorine  gas.  NbsCls  was  also  synthesized  by  chemical  transport  reaction  from 
NbCl5  and  metallic  niobium(2).  NbsCls  was  expected  to  be  suitable  as  a  source  of  niobium 
because  of  its  low  valence  and  less  hygroscopic  property. 

Electrolyte  for  the  electrolytic  cell  and  NaCl-55mol%AlCl3  for  the  reference 
electrode  were  prepared  by  co-melting  the  purified  NaCl  and  A1C13  sealed  in  the  Pyrex 
tube  under  vacuum. 

Procedure 

The  experiment  was  carried  out  for  the  four  electrolytes.  The  first  was  the  NaCl- 
52mol%AlCl3  melt.  Second  and  third  electrolytes  are  the  melt  containing  NbCls  and 
NbsCls  which  was  premixed  with  the  electrolyte,  respectively.  Fourth  electrolyte  is  the 
melt  into  which  metallic  niobium  is  anodically  dissolved  just  before  the  measurement. 

The  cyclic  voltammetry  and  controlled  potential  electrolysis  were  carried  out  for 
above  melts  and  the  deposits  were  analyzed  by  EPMA. 

The  atmosphere  in  the  cell  is  dry  nitrogen  from  the  dry  box.  Experimental  temperature 
was  473K  for  all  the  experiments. 


RESULTS  AND  DISCUSSION 

Figure  3  shows  the  cyclic  voltammogram  obtained  for  niobium  free  electrolyte.  No 
cathodic  peaks  are  obtained  at  the  potential  higher  than  OV  and  a  large  cathodic  peak 
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appears  near  to  -O.IV.  This  means  that  the  tungsten  electrode  is  stable  and  has  wide 
electrochemical  window  at  higher  potential.  The  peak  is  considered  to  be  assigned  to 
aluminum  deposition  by  the  reaction  shown  in  equation[l]  in  the  acidic  melt. 

4Al2Cl7'  +  3e  =  AI  + 7AlCir  [1] 

Figure  4  shows  the  SEM  image  of  the  deposit  on  the  tungsten  electrode  obtained  at  -0.2V. 
Crystals  of  aluminum  are  observed  although  the  amount  is  small. 

Cyclic  voltammogram  for  the  electrolyte  containing  lmol%NbCl5  is  shown  in  Fig. 5. 
Three  cathodic  peaks  are  observed  at  the  potentials  of  1.15V,  0.5V  and  0.3V,  respectively. 
Current  densities  are  plotted  against  square  root  of  the  scan  rate  m  Fig.6.  The  figure 
indicates  that  the  peaks  are  linear  diffusion  controlled  reaction  due  to  their  good  linear 
relations.  The  number  of  electrons,  n  for  the  peaks  was  calculated  by  equation  [2]. 

j  Ef-Epfi  I  =2.2RT/nF  P] 

The  n  obtained,  by  averaging  the  data  of  different  scan  rate  of  0.05~1.0V  •  s'S  for  the 
peaks  was  0.2,  1.0  and  0.6,  respectively.  It  is  considered  that  Nb(V)  is  not  reduced  to 
metal  because  the  total  electron  number  is  about  2  in  the  potential  range  higher  than  that 
where  Al(  IH)  is  reduced,  although  the  co-deposition  of  Nb  with  A1  may  be  expected  at 
negative  potential.  Therefore,  the  electrodeposition  was  attempted  at  -0.2V.  However  no 
deposit  was  found  by  EPMA  observation.  The  reason  of  no  deposit  is  considered  as 
follows;  The  potential  is  sufficiently  negative  for  the  deposition  of  metals,  Nb  or  Al.  Then 
the  reduction  of  ions  to  metals  is  blocked  by  highly  oxidative  Nb(V)  species.  Namely  the 
disproportionation  reactions  may  occur  due  to  the  presence  of  higher  valence  NbCls. 

Figure  7  shows  the  cyclic  voltammogram  for  the  electrolyte  containing  NbsCls  which 
was  fed  as  a  form  of  Nb  sCls  ■  4NaCl  because  NbsCls  ■  4NaCl  has  lower  melting  temperature 
than  Nb3Cl8(3)  and  was  expected  to  dissolve  easily.  However  its  concentration  seemed 
very  low  because  the  melt  showed  only  light  color  and  black  condensates  were  found  on 
the  bottom,  and  it  was  difficult  to  analyze  the  concentration.  A  new  weak  peak  appeared 
near  OV.  The  electrolysis  was  then  performed  at  -0.2V.  Fig.8  shows  the  SEM  image  of  the 
deposit  obtained.  Island  like  deposits  smaller  than  10mm  were  found  on  the  tungsten 
substrate.  Figure  9  shows  the  concentration  map  of  niobium  and  aluminum  obtained  by 
EPMA.  The  ordinate  indicates  relative  intensity  to  the  pure  metal.  Deposit  contains  both 
aluminum  and  niobium,  but  the  sum  of  relative  intensities  does  not  reach  to  100%  because 
of  island  like  morphology.  The  composition  of  niobium  in  the  deposit  is  37~42wt%.  This 
concentration  of  niobium,  although  it  is  comparable  with  composition  reported(4),  is 
considerably  low  compared  with  the  superconductive  NbsAl,  91.2wt%Nb.  The  standard 
decomposition  potentials  of  solid  NbsCls  and  liquid  AlCh  calculated  based  on  the 
thermodynamic  data(5)  are  1.73V  and  2.02V  at  473K,  respectively.  This  difference  is 
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considerably  large  and  is  corresponding  to  nine  order  of  the  ionic  concentration  by  simply 
assuming  both  ions  of  trivalent  niobium  and  aluminum  equilibrated  with  the  pure  metals. 
It  is  considered  that  the  main  reason  of  low  content  of  niobium  is  low  solubility  of  NbaCls 
in  the  melt  other  than  the  disproportionation  reaction  between  the  niobium  species. 

Anodic  dissolution  of  metallic  niobium  into  the  melt  was  tried  based  on  above 
results.  A  spiral  niobium  electrode  shown  in  Fig.l  was  used  and  250C  was  passed  thiough 
the  electrode  anodically  at  2.0V.  The  charge  is  corresponding  to  about  0.1mol%  of  NbCl5 
in  the  melt.  Cyclic  voltammogram  for  the  electrolyte  containing  anodically  dissolved 
niobium  is  shown  in  Fig.  10.  Relatively  large  peak  is  found  at  around  0.4V.  Electrolysis 
was  carried  out  at  the  potential  of  O.OV.  The  deposit  obtained  consist  of  fine  grains  as 
shown  in  Fig.ll  and  the  concentration  map  for  the  deposit  is  shown  in  Fig.l2.  The 
niobium  concentration  is  quite  high,  almost  75~80wt%,  corresponding  to  an  equimolar 
composition  of  niobium  and  aluminum.  These  results  suggest  that  the  anodic  dissolution 
of  metallic  niobium  is  an  effective  niobium  source  to  increase  the  niobium  concentration 
and/or  that  the  species  dissolved  may  be  in  a  low  valence  state. 


CONCLUSION 

Cathodic  behavior  of  Nb-Al  alloy  deposition  was  studied  in  NaCl-52mol%AlCl3 
electrolyte  containing  niobium  chlorides.  The  goal  of  this  study  was  to  produce  the 
superconductive  NbsAl  alloy  electrochemically.  The  niobium  chlorides  used  were  NbCls, 
NbsCls  and  anodically  dissolved  niobium.  No  deposit  was  obtained  for  NbCb.  The 
reason  is  considered  to  be  due  to  the  disproportionation  of  niobium  compound.  For 
NbsCls  and  anodically  dissolved  niobium,  the  deposits  of  Nb-Al  alloy  were  obtained  and 
their  niobium  content  were  37-^42wt%  and  75~80wt%,  respectively.  The  low  content  of 
niobium  in  the  alloy  may  be  due  to  low  solubility  of  NlrsCls  in  the  melt.  Anodically 
dissolved  niobium  is  an  effective  niobium  source  for  obtaining  alloys  with  high  niobium 
content. 
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Fig.l  Schematic  diagram  of  the  apparatus  used  for  electrochemical  measurement. 
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Fig.  2  Schematic  diagram  of  the  electrodes  used. 
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500 
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Potential,  E/V(vs.Al-AlCl3) 

Fig.  3  Cyclic  voltammogram  for  NaCl-AlCb  melt. 

Temp.  :  473K 

Scan  rate  :  lOOmV  •  s'^ 

W.E.  :  Tungsten 

Electrolyte  ;  NaCl-52mol%AlCl3 


Fig.  4  SEM  image  of  A1  deposited  onto  tungsten  electrode. 

Temp.  :  473K 

Potential  :  -0.1V(vs.  Al-AlCh ) 

Total  charge  :  3.75  X  10‘^C 

Electrolyte  :  NaCl-52mol%AlCl3 
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Potential,  £  /  V  (vs.  Al-AlCb) 


Fig.  5  Cyclic  voltammogram  for  NaCl-AlCb  melt  containing  lmol%  NbCls  . 

Temp.  :  473K 

Scan  rate  :  300mV  •  s'^ 

W.E.  :  Tungsten 

Electrolyte  :  NaCl-52mol%AICl3 


0  .0,2  0.4  0.6  0.8  1.0  1.2 

(Scan  rate,  V 


Fig.  6  Relation  between  peak  current  density  and  scan  rate. 

Temp.  ;  473K 

W.E.  :  Tungsten 

Electrolyte  :  NaCl-52mol%AlCl3 

Solute  :  lmol%  NbCh 


Electrochemical  Society  Proceedings  Volume  96-7 


185 


-0.5  0  0.5 

Potential,  £  /V(vs.Al-AlCl3) 

Fig.  7  Cyclic  voltammogram  for  NaCl-AlCb  melt  containing  NbsCb. 

Temp.  :  473K 

Scan  rate  :  l.OV  •  s‘^ 

W.E.  :  Tungsten 

Electrolyte  :  NaCl-52mol%AlCl3 

Solute  added  :  NbsCls  •  4NaCl 


Fig.  8 


SEM  image  of  Nb-Al  alloy  deposited  onto  tungsten 
from  the  melt  containing  NbsCls. 
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A1 


Nb 

Fig.  9  Concentration  map  of  the  deposit  obtained  from  the  melt  containing  NbsCls. 

Temp.  :  473K 

Potential  :  -0.2V(vs.  Al-AlCb ) 

Total  charge  :  5.0C 

Electrolyte  :  NaCl-52mol%AlCl3 

Solute  added  :  NbsCls  •  4NaCl 


-1.0  -0.5  0  0.5  1.0 


Potential,  £'/V(vs.Al-AlCl3) 

Fig.  10  Cyclic  voltammogram  for  NaCl-AlCb  melt  containing  anodically  dissolved  Nb. 

Temp.  :  473K 

Scan  rate  :  l.OV  •  s"' 

W.E.  :  Tungsten 

Electrolyte  :  NaCl-52mol%AlCl3 

Solute  :  anodically  dissolved  Nb 
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Fig.  11  SEM  image  of  Nb-Al  alloy  deposited  onto  tungsten  from  the  melt 
containing  anodically  dissolved  Nb. 
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Fig.  12 


Concentration  map  of  the  deposit  obtained  from  the  melt 
containing  anodically  dissolved  Nb. 
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ABSTRACT 


The  eleclroehemical  properties  of  solutions  of  Nb^Clg  in  the  fused  eutectic 
MgCl2-NaCl  eutectic  were  examined  at  47  TC  by  means  of  cyclic 
voltammetry  and  convolution  voltammetry.  The  reduction  of  Nb3C]g  to 
the  metal  showed  a  complicated  behavior.  It  was  shown  that  the  reduction 
proceeds  mainly  via  two  steps:  one  electron  irreversible  step  iNb(lIi)/Nb(n) 
and  two  electron  reversible  step  Nb(II)/Nb(0). 

INTRODUCTION 


The  electrochemistry  of  niobium  has  been  greatly  studied  in  both  molten  chlorides, 
chloride-fluoride  and  fluoride  melts.  From  the  literature  reviews  (1-2)  it  can  be  seen  that 
in  spite  of  the  numerous  studies  for  obtaining  niobium  by  electrolytic  means,  the  proposed 
mechanisms  still  divergent  and  niobium  metal  has  been  obtained  essentially  in  the  form 
of  powders  or  dendrites  in  molten  chlorides  with  complications  due  to: 

-  numerous  difficulties  due  to  the  low  solubility  of  certain  niobium  chlorides, 

-  numerous  problems  due  to  electrolyte  stability  because  of  volatilization  of  niobium 
chlorides  of  higher  oxidation  state  as  well  as  the  disproportionation  of  intermediate  valence 
niobium  chlorides, 

-  according  to  the  experimental  conditions,  temperature  and  current  density,  the  anodic 
oxidation  of  niobium  metal  does  not  yield  the  same  niobium  chlorides. 

Considering  these  problems  encountered  in  molten  chlorides,  in  order  to  stabilize 
certain  oxidation  states  of  niobium,  the  latter  were  complexed  with  fluoride  ions,  or  the 
operating  temperature  was  increased.  Production  of  deposits  which  are  coherent  and 
closely  adherent  has  been  demonstrated  in  fluoride  melts  (3).  However  the  disadvantage 
of  fluorides  is  that  the  systems  are  generally  toxic,  corrosive  and  require  high  working 
temperatures. 
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The  present  paper  is  concerned  with  the  mechanism  of  the  reduction  of  Nb3Clg 
solution  to  the  metal  in  MgCl2-NaCl  melt  in  which,  to  our  knowledge,  the  electrochemistry 
of  niobium  has  not  been  investigated.  This  binary  melt  presents  eutectic  at  445  C  with 
41.5  moI%(MgCl2)-  38.5  mo{%(NaCl)  composition  (4). 


EXPERIMENTAL 


Salt  preparation  ^  c  xt  m 

MgCL.bH^O  was  purified  according  to  the  procedure  described  in  ref(5).  NaCl  was 

purified  under  dry  HCl  bubbling  into  the  melt(6).  Nb3Clg  was  synthesized  by  cheimcal 

transportation  reaction  from  NbCl^  and  metallic  niobium(7). 

Rlectrochemical  cell  and  procedure 

A  three-electrode  Pyrex  cell  arrangement  was  used  for  the  electrochemical  experiments. 
The  Pyrex  crucible(<I)=45mm)  served  as  an  electrolyte  container. 

We  have  chosen  to  use  the  cross  section  of  tungsten  wire(O=0.5mm)  sealed  in  Pyrex  tube 
as  a  working  electrode.  Before  use,  the  working  electrode  was  first  mechanically  polished 
on  emery  paper,  was  washed  with  distilled  water  and  acetone  and  then  dried.  The  silver-silver 
chloride  equilibrium  was  used  as  the  reference  for  the  measurement  of  the  electrode 
potential.  The  electrode  arrangement  was  a  silver  wire(^=lmm)  dipped  into  a  silver 
chloride  solution  in  the  MgCl2-NaCl  eutectic  half  cell  built  with  a  thm  Pyrex  bulb 
junction.  The  silver  chloride  concentration  used  was  5mol%.  All  the  potentials  are  reported 
to  this  reference.  The  counter-electrode  was  a  graphite  rod  of  5  mm  diameter. 

The  cell  containing  the  crucible  and  the  electrodes  was  assembled  in  the  dry  box.  At  this 
stage,  the  solvent  mixture  was  introduced  into  the  crucible  which  was  returned  to  the 
main  cell.  Then  the  cell  is  removed  from  the  dry-box  and  placed  in  a  Pyrex  transparent 
furnace  and  dried  completely  by  heating  under  vacuum.  The  temperature  in  the  cell  was 
measured  with  a  Chromel-Alumel  thermocouple  and  kept  within  2^C.  Atmosphere  in  the 
cell  was  dry  argon.  The  melted  mixture  was  conditioned  at  the  selected  temperature  for 
several  hours  before  adding  the  solute  as  blocks  of  frozen  Nb3Clg-4NaCl  mixture  through 
an  air-lock  chamber. 

Instrumentation 

The  electrolytic  reduction  of  Nb3Clg  solution  has  been  mainly  studied  by  means  ot 
cyclic  voltammetry  and  convolution  voltammetry.  The  data  acquisition  system  was 
composed  of  a  potentiostat/galvanostat  HA305,  a  function  generator  HB 104,  an  intelligent 
recorder  INR141 A  for  recording  transients  and  a  personal  computer  for  data  processing. 
The  convolution  voltammetry  or  semi-integral  m(t)  is  defined  by  the  integral ; 
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[1] 


w(/)= 


dT 


Where  1(t)  is  the  current  measured  at  the  time  T.  The  convolution  treatment  of  I(t) 
transients  was  carried  out  on  the  basis  of  Oldham  s  G1  and  G2  algorithms(8). 


RESULTS  AND  DISCUSSION 

F.lectrochemical  window  of  the  solvent 

The  theoretical  electrochemical  span  of  the  solvent  could  be  computed  from 
thermodynamic  data  (9),  However,  the  real  electrochemical  stability  domain  of  MgCl2-NaCl 
was  examined  by  means  of  voltammetric  experiments.  A  cyclic  voltammogram  obtained 
at  a  tungsten  electrode  is  reported  in  Fig.l.  The  reduction  of  magnesium  ions  is  easily 
observed  at  a  potential  equal  to  -1 .5V/Ag/AgCl(wave  E)  which  is  quite  close  to  the 
theoretical  one(-1.47V/Ag/AgCi).  Peak  E’  which  is  typical  for  a  stripping  of  deposit,  is 
observed  in  the  reverse  scan.  On  the  anodic  side  chlorine  evolution  is  seen(wave  F). 

After  the  addition  of  NbjClg,  Fig.2  shows  a  series  of  vollammograms  recorded  for 
different  cathodic  reversal  potential  E;,.  Within  the  narrowest  potential  window  +0.2V 
and  -0  9V  two  cathodic  peaks  were  observed  with  no  relevant  anodic  peaks.  The  peaks 
noted  A  and  B  are  located  at  -0.35V  and  -0.77V  respectively.  As  the  reversal  potential 
became  more  cathodic(E;i=-l.l  V)  a  new  redox  couple  C/C  was  observed  at  -1V/+0.1 1 V. 
For  £  7=- 1.3V  the  same  cathodic  processes  remained  visible,  however,  a  new  peak  C 
appeared  at  +0.14V.  The  peak  A  was  not  visible  for  E^>-IAV  and  a  new  redox  couple 
D/D’  was  evolved  at  -1.4V/-1 .35V.  The  shape  of  the  curve  D,  and  particularly  the  sharp 
increase  in  current  is  characteristic  of  the  formation  of  a  substance  of  a  constant  activity. 
The  cathodic  limit  E/E’  corresponds  to  magnesium  deposition. 

Annlvsis  in  the  +0.2V  and^AV  potential  range 

On  the  Fig.3,  we  report  the  cathodic  evolution  of  the  voltammetric  curves  as  a 
function  of  the  potential  sweep  rate  recorded  in  the  +0.2V  and  -1.4 V  potential  range. 
Peculiar  features  of  these  voltammograms(Table  I  and  Fig4-6)  lie  in  the  following: 

-  Only  one  reduction  peak  is  observed(Peak  G). 

-  The  cathodic  peak  potential  Epg  is  dependent  upon  the  potential  sweep  rate  logarithm 
logv(Fig.4),  i.e.,  an  increase  in  the  potential  sweep  rate  shifts  the  Ep(;  towards  negative 

^pTgure  5  shows  that  the  dependence  of  the  cathodic  peak  current  Ip^  is  also  complicated 
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in  that  IpQ  is  not  proportional  to  the  square  root  of  the  potential  sweep  rate.  Then  values 
of  Ipq/v'^  were  measured  to  check  for  possible  chemical  reactions  coupled  to  the  charge 
transfer.  Constancy  of  Ipq/v‘'-  would  indicate  charge  transfer  with  no  chemical 
complication(lO).  Table  I  shows  that  the  parameter  Ip(/v^'^  increases  as  the  potential 
sweep  rate  increases.  This  increase  can  not  be  due  to  the  ohmic  drop  since  that  would 
tend  to  decrease  the  Ipg/v'^  parameter!  1 1).  When  Ipg  is  plotted  against  the  potential 
sweep  rate(Fig.6),  a  linear  relation  is  obtained  between  the  two  parameters  and  the  plot 
passes  through  the  origin. 


Table  I  -  Characteristics  of  the  voltammograms  presented  in  Fig.3 

EpG 

V 

^PGf2 

V 

EPG-Epdl 

V 

//7ox104 

A 

V 

Vs-1 

/po/v'/-’xl0‘' 

A/(V1''2s-I°) 

A/(Vs-l) 

-0.96 

-0.66 

-0.30 

-3.0 

0.2 

-6.70 

-1.50 

-1.07 

-0.73 

-0.34 

-6.1 

0.5 

-8.60 

-1.22 

-1.10 

-0.75 

-0.35 

-8.6 

0.7 

-10.3 

-1.23 

-1.10 

-0.77 

-0.33 

-11 

0.9 

-11.0 

-1.22 

-1.14 

-0.80 

-0.34 

-12 

1.0 

-12.0 

-1.20 

-1.20 

-0.85 

-0.35 

-25 

2.0 

-17.6 

-1.25 

Ep(jp==ha\f  peak  potential  at  O.SIpQ. 

The  theoretical  study  of  an  adsorption  step  coupled  to  a  charge  transfer!  10),  shows 
that  the  reduction  current  of  the  adsorbed  species  becomes  predominant  at  high  potential 
sweep  rates,  yielding  thus  an  increase  of  the  Ip^^v'^  parameter. 

Note  that  the  marked  constancy  of  the  quantity  Ip^/v  for  potential  sweep  rate  >0.2V/s 
is  an  inherent  feature  for  adsorption! 1 2- 13).  In  addition  the  dependence  of  the  peak 
potential  upon  the  potential  sweep  rate  logarithm  suggests  that  the  process  is  not 
reversible!  12- 1 3). 

Laviron!12)  indicates,  in  the  case  of  a  totally  irreversible  adsorption  process,  that  the 
peak  potential  varies  with  the  logarithm  of  the  potential  sweep  rate  v  according  to  the 
equation  : 


^  .0'  ^  2.3/?r ,  RTk 

-E  + - :;log 


an^F 


an^Fv 


[2] 
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where  is  the  standard  rate  constant,  n  the  overall  number  of  electron  transferred,  a  the 
transfer  coefficient,  the  number  of  electrons  transferred  in  the  rate  determining  step 
and  the  others  symbols  have  their  usual  meaning.  From  the  slope  of  Fig. 4,  the  product 
an^  evaluated  was  found  to  be  equal  to  0.62.  Assuming  a  =0.5  this  yields  to  1.24 
electron  number. 

The  peak  current  is  expressed  following(12) 


iPG  - 


nan(jiF~  AvFq 

2.718/?r 


[3] 


*2 

where  Fq  is  the  initial  superficial  concentration  in  mol.cm'  .  This  expression  was  established 
assuming  the  potential  sweep  rate  so  large  that  the  amount  of  molecules  brought  to  the 
electrode  by  diffusion  during  the  potential  sweep  is  negligible  compared  to  the  amount 
adsorbed,  and  that  the  electrode  area  A  can  be  regarded  as  constant. 

Fq  determined  from  the  slope  of  Fig.6  and  using  equation  3  was  found  to  be  equal  to 
1.46x10  mol.cm  “. 

Analysis  by  semi-integration 

The  Fig.7  represents  a  calculated  semi-integral  of  a  voltammogram  from  Fig.3, 
hysteresis  is  noticed  between  the  forward  and  the  backward  sweeps  of  the  semi-integral. 
We  can  therefore  conclude  that  the  process  is  not  reversible(14).  Furthermore,  the  return 
curve  crosses  the  horizontal  axis,  indicating  the  formation  of  an  insoluble  substance  at  the 
electrode(15).  Fig. 8  shows  several  cathodic  semi-integration  curves  deduced  from  the 
voltarnmograms  of  Fig.3.  The  following  facts  are  established: 

-  the  occurrence  of  a  plateau  in  the  region  of  cathodic  potentials  indicates  that  the 
diffusion  is  controlling  the  process(16).  The  value  of  this  plateau  increases  when  the 
potential  sweep  rate  increases. 

In  the  case  of  a  charge  transfer  under  diffusion  control  when  the  concentration  of  the 
electroactive  species  at  the  electrode  surface  is  diminished  to  virtually  zero,  the  semi-integral 
function  m(f)  tends  to  a  limiting  value  independent  of  the  potential  sweep  rate,  this 
limiting  value  is  expressed  by  the  following  equation: 

m*=^nFAC*-{D]  [4] 
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This  equation  is  valid  whether  or  not  the  electrochemical  system  is  reversible(16)  and 
demonstrates  the  proportionality  between  the  initial  concentration  C*  of  the  electroactive 
species.  We  have  observed  that  m*  depends  on  the  potential  sweep  rate(Fig.8).  To  our 
knowledge,  this  kind  of  mechanism  has  not  been  treated  by  semi-integration,  but  we 
think  that  the  increase  of  the  plateau  value  with  the  potential  sweep  rate  is  due  to  the 
intervention  of  the  adsorption  step. 

Analysis  in  the  -0.2V  and  -1.5V  potential  range 

Figure  9  shows  a  typical  voltammogram  recorded  in  the  -0.2V  and  - 1 .5 V  range.  On 
this  figure  we  recognize  the  peaks  D/D’ (see  Fig. 2)  and  in  addition  the  peak  G(see  Fig. 3) 
appears  as  a  shoulder  on  peak  D. 

The  variations  of  the  anodic  and  cathodic  peak  currents  D/D’  Ipa  and  Ipc  with  the 
square  root  of  the  potential  sweep  rate  shown  in  Fig.  10  are  straight  lines  through  the 
coordinate  origin,  indicating  that  the  processes  are  under  diffusion-controlled. 

The  cathodic  peak  potential  slightly  moves  towards  a  negative  direction  with  increasing 
potential  sweep  rate.  It  indicates  that  the  cathodic  reduction  of  niobium  ions  is  very  close 
to  a  reversible  process.  The  electron  number  can  be  calculated  using  the  peak  potential 
Epc  and  the  half  peak  potential  Epc/2  separation  relation  in  the  case  of  a  reversible 
electrodeposition  reaction(  17)  : 


\EPc-EPcj2\  =  ^ni-^  [5] 

By  applying  this  equation  to  peak  D,  n=2.14  was  obtained. 

Epc~Epc^  was  determined  by  extrapolating  the  plot  of  Epc-Epc^  to  v  =0. 

The  insolubility  and  the  adherence  to  the  electrode  of  a  deposit  can  be  verified  on  the 
voltammogram  by  the  fact  that  the  anodic  peak  current  is  less  than  the  cathodic  one.  The 
peak  current  ratio  Ipa/lpc  is  lower  than  unity  and  assumed  the  value  between  0.5  and 
0.57.  This  is  confirmed  by  the  semi-integral  curve  presented  on  Fig.l  1.  It  can  be  seen  that 
the  reverse  semi-integral  transient  do  not  cross  the  abscissa  as  expected  for  soluble/insoluble 
electron  transfer(15). 

Di.scussion 

The  plurality  of  cathodic  and  anodic  peaks  observed  during  the  reduction  of  Nb3Clg  to 
the  metal(Fig.2)  shows  the  high  intricacy  of  the  whole  electrochemical  process.  This  is 
the  reason  why  the  mechanism  could  not  be  elucidated  completely.  In  order  to  simplify 
we  will  consider  only  the  main  steps  G  and  D. 

According  to  Safonov  et  u/.(18-19)  niobium  dichloride  disproportionates  on  heating 
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to  niobium  tetrachloride  and  metallic  niobium.  K.  Zhou  et  ij/.(20)  concluded  that  in 
molten  LiCl-KCl  that  Nb^CIsj  dissociates  to  Nb(II)  and  Nb(IIl)  ions,  and  they  are  reduced 
by  the  steps  Nb{lU^  — >  . 

Lantelme  et  fl/.(2l)  concluded  that  during  the  reduction  of  Nb(III)  to  the  metal  an 
intermediate  step  occurs  during  this  reaction  involving  Nb(II)  which  forms  a  thin 
electroactive  layer  of  insoluble  cluster  compounds  at  the  electrode  surface.  This  agrees 
with  our  results,  since  the  cyclic  voltammetry  and  convolution  voltammetry  confirmed 
the  existence  of  an  adsorption  reaction.  The  electron  number  involved  during  step  G  was 
found  equal  to  1 .24,  thus  we  can  suggest  the  reduction  of  Nb(lII)  ions  resulted  from  the 
dissociation  of  Nb,Cls  to  Nb(H)  clectroactive  layer  adsorbed  on  the  electrode  surface. 

The  main  cathodic  peak  D  is  attributed  to  the  formation  of  niobium  metal.  The 
electron  exchange  during  this  step  was  found  to  be  2.14,  it  will  therefore  be  assumed  that 
the  reaction  along  the  cathodic  peak  D  is: 

Nh[ll)  +  2e~  m[(i) 


It  is  however  certain  that  the  process  D/D’  corresponds  to  a  superimposition  of  several 
processes.  This  was  confirmed  by  semi-integration  which  showed  the  character  apparently 
soluble  of  the  product  formed  during  step  D,  cyclic  voltammetry  also  showed  that  the 
anodic  charge  involved  during  step  D’  was  half  of  the  cathodic  step  D.  This  suggests  that 
deposited  niobium  may  be  dissolved  in  the  melt  through  a  disproportionation  reaction. 


CONCLUSION 


The  cathodic  behavior  of  Nb^Cl;,  was  studied  by  cyclic  voltammetry  and  convolution 
voltammetry.  The  results  suggest  that  the  mechanism  is  mainly  two  reduction  steps,  the 
first  step  is  irreversible  and  the  second  is  close  to  reversible  charge  transfer,  the  following 
mechanism  is  then  proposed; 


Nbf-k  +  6C7‘  /V/)(//)ai"  +  2/V6(///)C/| 

Nb[n)^le~  o  M(o) 
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Fig.  1  Cyclic  voltammogram  obtained  on  tungsten  electrode  at  1  V/s  in  molten 
MgCl^-NaCl  eutectic  at  471°C.  Electrode  area:  1.96x10  ^cm^ 
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Fig.3  Cathodic  voltammograms  recorded  at  tungsten  electrode  in  the 
MgCl  -NaCl-Nb  Cl  system  at  various  potential  sweep  rate. 

2  3  8 

T=47rc,  [Nb^cy<0.07  mol%  ,A=0.00396cml 


Fig.  4  Relation  between  the  Ep^and  the  logarithm  of  the 

potential  sweep  rate  for  the  voltammograms  of  Fig.3. 
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Fig.5  Variation  of  the  Ip^  versus  in  the  same  system  as  Fig.  3. 


Fig.6  Dependence  of  the  Ip^on  the  potential  sweep 
rate  for  the  same  system  as  in  Fig. 3. 
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Fig.7  Semi-integral  curve  related  to  a  voltammogram  from  Fig.  3 . 
v=0.2V/s 


EN  vs  Ag/AgCl 

Fig. 8  Cathodic  semi-integral  curves  related  to  the  voltammograms 

of  Fig. 3  for  various  potential  sweep  rates. 
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-1.6  -1.4  -1.2  -1  -0.8  -0.6 

jETV  vs  Ag/AgCl 

Fig.  9  Cyclic  voltammogram  for  the  reduction  of  Nb^Cl^(<0.07mol%) 

in  the  MgCUNaCl  eutectic  at  471°C.  Potential  range  -0.2V  to  -1.5V. 

Electrode  Area:  1. 96x1 0'^cm^,  v=  O.lV/s 


Fig.  1 0  A  series  of  voltammograms  for  various  sweep  rates  :  1 ,0. 1 ;  2,0.2;  3,0.5;  4,0.7 
and  5,  0.8V/s.  [Nb  Cl  ]<0.07mol%.  Electrode  area  :  1.96x1 0'^cm^ 

3  8 
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EfV  vs  Ag/AgCl 

Fig.  1 1  Cyclic  voltammogram  and  its  corresponding  semi-integral. 

Electrode  area=  1.96x1  O' ^cm^,  v=  0.1  V/s 
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ABSTRACT 

Demonstration  experiments  of  uranium  metal  production  system  have  been 
carried  out  in  order  to  verify  its  technical  feasibility.  Uranium  metal  is 
produced  from  its  oxides  by  molten  salt  electrolysis  and  continuously  cast 
into  an  uranium  ingot  by  Vacuum  Melting  and  Pressurized  Upward 
Continuous  Casting  (VMCC)  method.  Current  efficiency  of  electrolysis  was 
around  50%,  which  was  higher  value  than  those  reported  in  earlier 
experiments.  A  rod  of  uranium  metal,  which  is  80  cm  in  length  and  1cm  in 
diameter,  was  obtained  with  high  purity  (>99,7%)  through  the  production 
system.  Major  impurities  in  the  metal  were  B,  C,  Cr,  Fe,  Mn,  Mo,  Ni,  O 
and  W,  which  are  from  its  oxide  raw  material,  cell  materials  and  salt 
impurities. 


INTRODUCTION 

The  atomic  vapor  laser  isotope  separation  (AVLIS)  will  be  a  promising  uranium 
enrichment  technology  for  the  next  generation  because  of  its  high  cost  performance  and  high 
enrichment  efficiency.  In  this  AVLIS  enrichment  process,  uranium  metal  or  uranium  metal 
alloy  will  be  used  as  feed  material.  Today,  commercial  production  of  uranium  metal  in  the 
world  is  done  by  thermite  reduction  of  UF4  with  magnesium  In  this  thermite  process, 
large  amount  of  MgF2  contaminated  with  uranium  is  produced  as  a  byproduct 
simultaneously. 

Considering  cost  performance,  minimization  of  waste  production  and  continuous 
process  concept,  an  electrolytic  process  for  producing  uranium  metal  directly  from  uranium 
oxide  wiU  offer  potential  advantages  over  the  existing  commercial  process 

Metal  Mining  Agency  of  Japan  has  carried  out  a  feasibility  study  on  metallic  uranium 
production  systems  for  AVLIS  feed  materials  since  fiscal  1989.  In  this  study,  uranium  metal 
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production  from  uranium  oxide  by  molten  salt  electrolysis  has  been  examined  to  get  basic 
characteristics  of  electrolysis  and  design  data  for  scale-up  and  system  component 

technologies  such  as  molten  salts  electrolysis  for  uranium  metal  production  and  continuous 
casting  have  been  developed. 

Process  Concept 

A  process  flow  sheet  of  uranium  metal  production  and  a  future  concept  of  apparatus 
is  shown  in  Fig.l  and  Fig. 2,  respectively.  Uranium  oxide  (UO2)  was  directly  reduced  into 
uranium  metal  by  electrolysis  in  molten  fluoride  melts.  The  molten  uranium  metal  is 
transferred  to  VMCC  stage,  and  cast  into  a  uranium  ingot  (Rod).  In  this  conceptual  process, 
uranium  oxide  will  be  directly  converted  into  uranium  metal  rod.  In  this  study,  however, 
electrolysis  and  casting  experiments  were  carried  out  separately  to  confirm  its  technical 
feasibility. 


EXPERIMENT 


Electrolysis 

Reagent  -  Mixture  of  BaF2,  LiF  and  UF4  salts  was  used  as  electrolyte.  Its  composition  was 
BaF2-LiF-UF4  (74-11-15  wt.%).  Uranium  tetrafluoride  acts  as  solvent  for  uranium  oxide  in 
this  electrolysis.  Lithium  fluoride  acts  to  increase  the  electrical  conductivity  of  electrolyte. 
These  salts  were  reagent  grade  chemicals.  Uranium  tetrafluoride  was  produced  by  a  reaction 
of  UO2  with  HF  at  about  400^C.  These  fluorides  were  mixed  and  premeited  before 
experiment.  In  most  cases,  UO3  produced  by  fluidized  bed  denitration  was  used  as  starting 
material.  Uranium  trioxide  was  also  treated  in  a  vacuum  furnace  to  remove  remaining  acidic 
moisture  at  450“C.  Triuranium  octoxide  (U30g)  was  prepared  by  calcination  of  UO3  in  the 
N2  atmosphere  at  650“C.  Uranium  dioxide  was  prepared  by  reduction  of  UO3  with 
hydrogen  at  600 “C. 

Apparatus  -  A  schematic  feature  of  an  electrolytic  apparatus  and  an  outline  of  the  apparatus 
are  shown  in  Fig.3  and  Table  1,  respectively.  The  electrolytic  cell  made  of  graphite  has  a 
size  of  20cm  inner  diameter  and  35cm  in  height.  The  present  cell  concept  is  a  neutral  hearth 
with  a  rod  type  cathode,  which  is  different  from  the  HaU  process.  The  anode  is  made  of 
graphite  which  has  a  cylindrical  shape  with  slits  as  a  standard  case.  The  cathode  rod  is  made 
of  tungsten.  It  is  considered  to  act  as  uranium  electrode  under  electrolysis  because  the 
tungsten  surface  is  covered  with  liquid  uranium.  A  graphite  uranium  metal  receiver  covered 
with  boron  nitride  has  a  capacity  for  3  kg  uranium  metal  and  is  set  just  below  the  cathode. 
The  electrolytic  cell  is  enclosed  in  a  quartz  tube  with  steel  flanges  so  that  a  gas  tight 
enclosure  was  achieved.  Argon  gas  with  high  purity  is  used  as  purge  gas  in  the  cell.  Off  gas 
is  introduced  to  gas  mass  spectrometer  (UTI  Instruments  Co.,  1SS-325A),  for  the 
measurement  of  gas  components  such  as  CO,  CO2  and  CF4  with  electrolysis.  Direct  current 
generator  for  electrolysis  has  a  capacity  of  0~20V  and  0~500A.  Induction  heating  which 
has  a  maximum  heating  capacity  of  1400X  (Fujidenpa  Kogyo  Co.  Ltd.,  440V-50Hz,  3- 
Phase,  280kVA)  is  used  to  bring  the  cell  to  the  experiment  temperature  of  about  1200°C  and 
maintain  it  during  the  experiment. 
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Procedure  -  Mixture  of  LiF,  BaF2  and  UF4  was  pretreated  in  a  vacuum  at  400°C  and  in  Ar  at 
800°C  for  30  minutes  in  order  to  evacuate  volatile  species  and  moisture,  then  heated  up  to 
about  1200°C,  which  is  well  over  the  melting  point  of  LiF-BaF2-UF4  electrolyte  and  the 
melting  point  of  uranium  metal  (1132“C).  The  electrodes  and  uranium  receiver  assembly 
were  immersed  slowly  into  the  electrolyte  to  a  desired  depth.  AH  of  the  experiments  were 
carried  out  by  constant  current  mode.  Before  melting,  all  of  the  uranium  oxides  were  fed 
into  the  cell.  And  off-gas  composition  was  analyzed  continuously  with  electrolysis.  Direct 
current,  cell  voltage,  temperature,  and  induction  heating  power  were  also  recorded 
continuously.  After  electrolysis,  cathode  and  anode  electrodes  assembly,  and  uranium  metal 
receiver  were  removed  upward  in  order  to  minimize  back-reaction  of  the  metal  with  the 
electrolyte.  After  cooling,  uranium  metal  was  removed  from  the  receiver  and  was  weighed. 
Electrolysis  experiments  were  repeated  5  times  in  an  optimum  condition  in  order  to  confirm 
its  reproducibility. 

Uranium  Metal  Rod  Production 

In  order  to  confirm  the  production  of  uranium  metal  rod  by  continuous  casting  and  to 
minimize  the  scrap  of  uranium  metal,  an  availability  of  Vacuum  Melting  and  Pressurized 
Upward  Continuous  Casting  (VMCC)  method  was  examined.  A  summary  of  the 
experimental  conditions  is  listed  in  Table  2. 

Uranium  Material  -  The  uranium  metal  produced  by  electrolysis  mentioned  above  is  used  for 
this  casting  experiment.  In  order  to  remove  the  salts  on  the  metal,  the  uranium  metal  was 
immersed  in  nitric  acid  (reagent  grade)  and  rinsed  by  both  distilled  water  and  acetone 
(reagent  grade) . 

Avvaratus  -  A  schematic  diagram  of  VMCC  experimental  apparatus  is  shown  Fig.4.  The 
containment  vessel  is  made  of  stainless  steel  and  has  a  size  of  120cm  I.D.  and  120cm  in 
height,  and  a  total  volume  is  1.1  m^.  The  inner  wall  of  the  cell  is  cooled  by  water.  The  cell  is 
enclosed  so  tightly  that  air  contamination  cannot  be  brought  into  the  cell.  First,  the  air^in  the 
tank  is  degassed  by  a  oil-diffusion  pump,  and  the  pressure  can  be  achieved  1/10  Torr 
within  60  minutes.  Then,  the  cell  is  filled  with  high  purity  Ar  gas  (>99,999%).  A  crucible 
for  melting  uranium  made  of  graphite  has  a  size  of  15cm  inner  diameter  and  18cm  in  height. 
This  graphite  cmcible  is  heated  by  induction  heating  (Max.  60kW,  1500C).  A  nozzle  is 
attached  to  a  copper  jacket  cooled  by  water  in  order  to  cast  molten  uranium  metal  into  a  rod. 

Procedure  -  Initially,  uranium  metal  (~16  kg)  was  charged  into  the  graphite  crucible.  The 
cell  was  enclosed.  Under  a  pressure  of  I/IO''^  Torr,  the  metal  was  heated  up  to  a 
temperature  of  about  100~200°C  higher  than  the  melting  point  of  U  (1132"C).  Keeping  a 
vacuum  under  3  / 10'"^  Torr  for  a  couple  of  hours,  salt  impurities  such  as  Ba,  F  and  Li 
volatile  during  this  period.  And  then  Ar  gas  of  high  purity  was  purged  mto  the  cell  up  to  a 
pressure  of  2.5  / 10^  Pa.  A  tip  of  the  nozzle  was  dipped  into  molten  uranium  bath,  and  a 
cylindrical  rod  was  cast  upward  continuously. 
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RESULTS  AND  DISCUSSION 


Electrolysis 

Uranium  Metal  -  Five  electrolytic  experiments  were  carried  out.  The  typical  cell  voltage  and 
current  chart  are  shown  in  Fig. 5.  A  summary  of  the  results  are  listed  in  Table  3.  Uranium 
metal  was  obtained  in  three  forms  of  "ingot",  "shot"  and  "powder".  Considering  this 
uranium  is  transferred  to  the  casting  experiments,  it  is  better  to  produce  uranium  metal  as  an 
"ingot".  Thus,  experimental  conditions  were  optimized  to  produce  this  required  metal,  as 
well  as  to  achieve  higher  current  efficiency.  Except  for  Test  1,  more  than  1kg  uranium  metal 
were  produced  as  aggregate  form. 

In  this  electrolysis  process,  uranium  ion  was  reduced  to  uranium  metal  on  the  surface 
of  the  tungsten  cathode,  and  liquid  uranium  metal  will  flow  downward  into  the  graphite 
crucible  under  the  cathode.  And  then  uranium  metal  was  coalesced  making  "metal  pool"  in 
the  crucible.  In  our  experiments,  metal  coalescence  tends  to  become  poorer  with  higher 
oxide  ion  (0^‘)  concentration  in  the  melts. 

Off-Gas  Analysis  -  During  electrolysis  off-gas  from  the  cell  was  introduced  to  the  gas  mass 
spectrometer,  and  the  concentrations  of  CO,  CO2  and  CF4  gas  were  analyzed.  The  typical 
off  gas  (CO,  CO2  and  CF4)  chart  data  is  shown  in  Fig. 6. 

During  electrolysis,  CO,  CO2  and  CF4  gas  were  continuously  detected.  In  addition 
to  the  oxidation  of  O^'  in  the  melts,  F'  were  simultaneously  oxidized  at  the  surface  of  the 
anodes.  Though  CF4  gas  was  evolved,  a  sudden  increase  in  cell  voltage  such  as  "anode 
effect"  was  not  observed  all  through  the  experiments. 

Current  Efficiency  -  Current  efficiencies  of  each  experiment  were  calculated  by  the  off-gas 
volume  of  CO,  CO2  and  CF4,  and  by  weight  of  uranium  metal  produced.  From  Test  2  to 
Test  5,  both  of  the  CE  values  are  consistent  and  around  50%.  These  values  seem  to  be 
higher  compared  with  other  electrolytic  oxide  processes.  However,  these  relatively  low 
values  might  be  attributed  to  several  side  reactions  such  as; 

U  +  3UF4^4UF3  [1] 

U  +  2CO  ^  UO2  +  2C  [2] 


Uranium  Metal  Rod  Production 

To  confirm  the  reliability  of  the  apparatus  and  the  reproducibility  of  the  casting,  five 
casting  experiments  are  conducted.  In  all  tests,  uranium  metal  were  cast  in  a  form  of  a  rod 
(49 ~ 80cm  in  length,  Icm-O.D,).  The  length  of  the  rod  was  restricted  by  a  usable  uranium 
metal  weight.  The  defects  in  the  rods  were  not  observed.  But  it  is  necessary  to  improve  the 
surface  of  the  rod  and  the  casting  speed.  Through  five  tests,  there  was  not  observed  any 
operational  problem.  The  casting  conditions  and  the  results  are  summarized  in  Table  4. 

Impurities  Behavior  in  the  Process 

Impurities  in  each  uranium  formed  in  this  process  are  analyzed  and  shown  in  Table  5. 
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These  analyzed  values  were  deviated  depending  on  sampling  points. 

Uranium  metal  rods  in  the  final  product  have  impurities  such  as  B,  C,  Cr,  Fe,  Mn, 
Mo,  Ni,  O  and  W. 

It  was  found  that  B,  Mo  and  W  in  the  uranium  metal  were  from  cell  assembly 
materials  such  as  BN  insulator.  Mo  rod,  W  cathode  and  Mo  induction  insulation  sheet.  And 
Cr,  Fe,  Mn  and  Ti  which  were  impurities  in  uranium  oxide  were  reduced  and  condensed  in 
the  uranium  metal.  Na,  Ca  and  P  were  not  transferred  to  the  metal  and  remained  in  the 
electrolyte.  Ba,  Li  and  F  were  contaminants  from  the  salt  and  were  easily  separated  by 
volatilization  or  mechanical  settlement  of  liquid. 

After  melted  in  vacuum  atmosphere  and  cast,  it  appeared  that  the  concentration  of 
volatile  species  such  as  Ba,  C,  F,  N,  Na,  Li  and  O  decreased  but  that  heavy  metals  such  as 
Cr,  Fe,  Mo  and  W  still  remained  in  uranium  metal. 

CONCLUSION 

Demonstration  experiments  of  uranium  metal  production  system  has  been  carried  out. 
Uranium  metal  was  produced  from  its  oxides  by  molten  salt  electrolysis  and  cast  into  an 
uranium  ingot  by  Vacuum  Melting  and  Pressurized  Upward  Continuous  Casting  (VMCC) 
method.  For  the  electrolysis,  current  efficiency  obtained  was  around  50%,  which  was 
higher  value  than  reported  in  earlier  experiments.  A  rod  of  uranium  metal,  which  is  80  cm  in 
length  and  1cm  in  diameter,  was  produced  with  high  purity  (>99.7%).  The  origination  of 
the  impurities  contained  in  the  metal  such  as  B,  C,  Cr,  Fe,  Mn,  Mo,  Ni,  O  and  W  were 
identified. 
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Fig.1  A  Process  Flow  of  Uranium  Metal  Production. 


Fig. 2  A  Future  Concept  of  Apparatus. 
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Table  1  Typical  Operating  Data  for  Electrolytic 
Reduction  of  Uranium  Oxides  to  Uranium  Metal. 


—  UO2  FEED  PIPE 

/CATHODE 
GRAPHITE  CRUCIBLE 
.  GRAPHITE  ANODE 
/MIXING  GASPIPE 
-URANIUM  METAL 
RECEIVER 
FIREBRICK 
INSULATION 

INDUCTION  COIL 


Cell  size 

20cm  ID  X  33cm  high 

Electrolyte 

BaF2-LiF2-UF4 
(74-11-15  wt.%) 

Temperature 

1150“C 

Anode  type 

Graphite 

Anode  shape 

Rods 

Cathode  type 

Tungsten  rod 

(22  mm  OD) 

Current 

200  A 

Anode  current  density 

0.635-0.667  A/cm^ 

Cathode  current  density 

2.05-2.3  lA/cm^ 

Feed  material 

UO2 

Uranium  metal 

Graphite  crucible 

receiver 

surrounded  with  BN 

Fig. 3  Schematic  Diagram  of  Electrolytic  insulation 

Experimental  Apparatus.  Heating  Induction  coil  heating 


Fig. 4  A  schematic  diagram  of  VMCC 
experimental  apparatus. 


Table  2  A  summary  of  the  experimental 


conditions.  (VMCC) 

Cell  Size 

120cm-OD  X  120  cm  High 

Cell  Volume 

1.1  m-^ 

Uranium  Charged 

14-20  kg/Batch 

Crucible 

Graphite 

(15  cm-IDX  18  cm  high) 

Nozzle 

Graphite  or  ¥20^ 

Heating 

Induction  Heating 

Temperature 

1250-1350  “C 

Pressure 

1.5-2.5  X  10^  Pa 

Casting  Speed 

3-30  mm/min 

Cast  Rod  Shape 

Cylindrical 

Rod  Size 

10  mm-OD 
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Fig. 5  The  typical  cell  voltage  and  current  chart  Fig. 6  The  typical  off  gas  (CO,  CO2  and  CF^ 
during  electrolysis.  (Test  4)  gases)  chart  during  electrolysis.  (Test  4) 


Table  3  Summary  of  the  Electrolytic  Experiments. 


Test  1 

Test  2 

Test  3 

Test  4 

Test  5 

Temperature  of 
electrolyte 

1 110-1 152“C 

1104-1153"C 

ll03-n86“C 

1101-1 153^C 

1097-1 152'’C 

Anode  Current 
Density 

0.635  A/cm^ 

0.667  A/cm^ 

0.667  A/cm^ 

0.667  A/cm^ 

0.667  A/cm^ 

Cathode  Current 
Density 

2.05  A/cm^ 

2.14  A/cm^ 

2.31  A/cm^ 

2.31  A/cm^ 

2.31  A/cm  2 

Cell  Voltage 

3.59-4.21  V 

3.95-4.36  V 

3.93-4.38  V 

4.19-4.58  V 

3.81-4.45  V 

U  (ingot) 

197  g 

1082  g 

1231  g 

1295  g 

1253  g 

U  (shot) 

251  g 

63  g 

51  g 

67  g 

75  g 

U  (powder) 

245  g 

47  g 

47  g 

34  g 

42  g 

CE  (Calculated  by 
metaj  weighed) 

44  % 

53  % 

50  % 

52  % 

51  % 

CE  (Calculated  by 
off-gas  volume) 

64  % 

52  % 

50  % 

49% 

48  % 

Table  4  The  casting  conditions  and  the  results. 


Test  1 

Test  2 

Test  3 

Test  4 

Test  5 

Pressure 

2.5  X  10-'’  Pa 

2.5x10^  Pa 

2.5  X  10^  Pa 

2.5  X  10-“’  Pa 

2.5x10'“'  Pa 

Temperature 

1336-1340°C 

1361-1368X 

1363-1 367‘=C 

1354-1 362“C 

1355-1358"C 

Casting  Speed 

8  mm/m  in 

8  mm/min 

8  mm/min 

8  mm/min 

8  mm/min 

Cast  Rod  Size 

Icm® /80  cm^ 

lcm^*^x54  cm^ 

Icni^^  /  49  cm^ 

lcm®^x59 

lcni®^/61  cm‘ 

Crack 

Some 

Some 

Some 

Some 

Some 

Inside  Defect 

None 

None 

None 

None 

None 
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Table  5.  Analytical  Results  of  Impurities  of  Uranium  Oxide,  Fluoride  Salts,  Uranium  Metal  and 


Uranium  Ingot. 


Impurities 

Elements 

UO2  as  Feed 

Material 

Salts  before 

Electrolysis 

Ag 

<2 

<2 

B 

<0.4 

1 

Ba 

<2 

- 

Be 

<2 

<2 

Bi 

<1 

<1 

Ca 

<5 

<5 

Cd 

<0.4 

<0.4 

Co 

<2 

<2 

Cr 

<5 

<5 

Cu 

1 

<1 

Fe 

15 

20 

In 

<1 

<1 

Li 

<2 

- 

Mg 

<1 

<1 

Mn 

<1 

<1 

Mo 

i 

>4000 

Na 

<1 

87 

Ni 

<5 

<5 

P 

<50 

2200 

Pb 

<1 

<1 

Si 

<10 

<10 

Sn 

<1 

<1 

I'i 

<4 

9 

V 

<1 

1 

W 

<50 

<50 

Zn 

<10 

<10 

C 

- 

- 

N 

- 

- 

0 

- 

- 

F 

400 

- 

Metal  U 

(5  Tests 

Averaged) 

Salts  after 

Electrolysis 

U  ingot  by 

VMCC 

<2 

<2 

<2 

164 

<0.4 

100 

1830 

- 

2 

<2 

<2 

<2 

<1 

<1 

<1 

9 

33 

<5 

<0.4 

<0.4 

<0.4 

<2 

<2 

<2 

15 

<5 

150 

2 

<1 

3 

244 

<10 

300 

<1 

<1 

<1 

108 

- 

<2 

<1 

<1 

<1 

11 

<1 

22 

>4000 

290 

1100 

3 

240 

<1 

5 

<5 

26 

50 

7000 

<50 

<1 

<1 

<1 

13 

<10 

10 

<1 

<1 

<1 

25 

<4 

6 

5 

<1 

1 

170 

<50 

400 

<10 

<10 

<10 

777 

- 

279 

33 

- 

3 

807 

- 

141 

584 

- 

5 
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ABSTRACT 

The  production  process  of  uranium  tetrachloride  powder  by  a  single 
reaction  of  uinnium  oxide  reduction  and  chlorination  with  chlorine  gas  in 
the  presence  of  carbon  as  a  reductant  was  investigated.  Tins  process  is 
aimed  at  the  production  of  high  purity  uranium  metal  for  the  U  isotopic 
enrichment  process  by  Atomic  Vapor  Laser  Isotope  Separation  (AVLIS). 

Direct  production  of  uranium  tetrachloride  became  possible  by  using  a 
vertical  type  chamber.  A  high  reaction  temperature  and  low  chlorine 
potential  are  necessary  for  uranium  tetrachloride  production.  U02,  U308 
and  U03  had  no  significant  difference  as  starting  uranium  oxides. 


INTRODUCTION 

The  AVLIS  (Atomic  Vapor  Laser  Isotope  Separation)  technology  for  the  enrichment 
Qf  235u  has  been  studied  intensively  in  Japan,  USA  and  France.  The  magnesium 
thermite  method  has  been  widely  adopted  to  produce  the  uranium  metal  which  is  the 
starting  material  for  the  AVLIS  process.  However,  a  large  amount  of  magnesium 
fluoride  slag  is  produced  as  solid  waste  containing  trace  amounts  of  uranium.  The 
molten  salt  electrolysis  method  has  been  developed  for  uranium  metal  production  in 
Japan  to  avoid  this  problem<lH3).  The  authors  have  been  studying  the  ur^ium  metal 
production  process  by  molten  salt  electrolysis  of  UC14  using  a  molten  zinc  cathode. 
Fig.l  Ulustrates  the  overall  flow  sheet  of  the  process.  The  present  report  is  concerned 
with  the  authors  studies  of  UCl4  direct  production  by  Cl2  gas  with  carbon  as  a  reductant. 
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Experiments  were  carried  out  by  the  following  three  scales; 

1.  30g-U  scale:  study  on  the  influence  of  reaction  temperature,  amount  of 
reductant  and  chlorine  gas  volume 

2.  300g-U  scale:  study  on  the  influence  of  ch^ber  type,  reaction  temperature, 
starting  oxide,  carrier  gas  and  contamination  of  impurities 

3.  Ikg-U  scale:  study  on  factors  in  larger-scale  experiments 


EXPERIMENTAL 

30g-U  scale  experimentfhorizontal  type  chamber) 

A  schema  of  the  reaction  chamber  is  illustrated  in  Fig.2.  The  starting  material  was  a 
mixture  of  uranium  dioxide  powder  and  graphite  powder  as  a  reductant.  Uranium 
chloride  was  produced  by  chlorine  gas,  then  vaporized  uranium  chloride  was  condensed 
in  the  cooling  part  in  a  quartz  cell.  Experimental  conditions  are  listed  in  Table  1 . 
Chlorine  and  uranium  in  the  chloride  were  analyzed  by  titration  and  ICP  respectively. 


300g-U  scale  experimenttvertical  type  chamber^ 

A  schema  of  the  reaction  chamber  is  illustrated  in  Fig.3.  The  starting  material  was 
a  pelletized  mixture  of  uranium  oxide  and  graphite  powder.  Ar  or  N2  was  used  as  carrier 
gas.  The  other  experimental  procedures  were  basically  the  same  as  the  30g-U  scale 
experiment.  Experimental  conditions  are  listed  in  Table  2. 

IKg-U  scale  experiment 

The  size  of  the  experimental  apparatus  was  twice  the  diameter  of  the  300g-U  scale. 
Experimental  procedures  were  the  same  as  the  3(X)g-U  scale.  Experimental  conditions 
are  listed  on  Table  4 . 


RESULTS  AND  DISCUSSION 

30g-U  scale  exneriment(horizontal  type  chamber)  . 

■  The  results  are  Usted  in  Table  1.  AU  of  the  uranium  dioxide  was  chlormated  under 
all  the  experimental  conditions  except  Ihr  chlorination.  Cl/U  molar  ratios  were  around  6. 
This  means  that  the  produced  uranium  chlorides  were  UCl6. 

[1],[2],[3]  are  the  equations  of  Cl4,Cl5,Cl6  formation  from  U02,  respectively. 


U02  +  C  +  2C12  =UCi4  +  C02  [1] 

U02  +  C  +  2/5C12  =  UC15  +  C02  [2] 
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U02  +  C  +  3C12  =UC16  +  C02 


[3] 


If  UC16  was  produced  directly  from  U02,  the  reaction  proceeded  according  to  eq.[3]. 
However,  from  a  thermodynamic  point  of  view,  it  is  hardly  considered  that  direct  UCl6 
formation  proceeded  under  these  conditions.  Fig.4  shows  the  potential  diagram  of  the 
U-O-Cl  ternary  system  at  1173K.  Considering  that  carbon  was  saturated  and  the  inlet 
gas  was  only  Cl2,  it  is  reasonable  to  assume  that  logpo2  is  -15~-20(alm)  and  logpci2  is 
0.  Given  these  potentials,  the  governing  equation  has  to  be  [2].  On  the  other  hand,  as 
shown  in  eq.[4],  AG"  is  negative  under  800K.  This  means  that  UClS  is  possibly 
chlorinated  to  UCl6  at  lower  temperature  whenever  Cl2  pressure  is  high  enough.  That  is 
to  say,  it  is  speculated  that  UClS  was  produced  in  the  furnace  then  chlorinated  to  UCl6 
by  excess  C12  gas  at  a  lower  temperature  zone. 


2UC15  +  C12=2UC16  AG”  (J)=-138,000+172.4T  [4] 


For  producing  UC14,  from  this  speculation,  it  is  necessary  not  only  to  raise  the 
reaction  temperature  but  also  to  reduce  excess  Cl2  gas. 

300g-U  scale  experiment! vertical  type  chambejj 

Vertical  type  chamber  has  a  structure  which  allows  C12  gas  to  pass  through  the 
pellet  zone.  That  structure  is  suited  to  reduce  excess  C12. 

The  efficiency  of  Cl2  and  ClAJ  molar  ratios  are  listed  in  Table  2.  The  efficiency 
was  much  higher  than  the  horizontal  chamber  and  ClAJ  ratios  of  all  products  were 
almost  4.  This  means  that  the  reaction  proceeded  according  to  eq.[l]  and  direct 
production  of  UCl4  from  U02  became  possible  by  using  the  vertical  type  chamber. 

Another  controlling  factor  was  carrier  gas.  Chlorine  potential  was  decreased 
(logpci2  <-0.3)  by  introducing  Ar  gas.  Considering  that  the  chlorine  potential  between 
UC14  and  UC15  is  -0.45  in  Fig.4,  the  numerical  value  of  -0.3  is  low  enough  for 
tetrachloride  production. 

Temnerature:  The  yield  of  uranium  chloride(calculated  value  into  weight  of 

uranium  in  chloride)  at  1073K  was  much  less  than  that  of  1173K.  Operation  at 

1 173K  was  preferable  to  1073K. 

Carrier  gas:  Ar  and  N2  had  no  significant  difference  on  the  chloride  products. 

Production  cost  will  be  reduced  by  using  N2  gas  instead  of  Ar  gas. 

Starting  oxide:  U02,  U308  and  U03  had  no  significant  difference  on  the 
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treatment  efficiency.  From  a  thermodynamic  point  of  view,  this  result  is  reasonable 
as  far  as  02  and  Cl2  potentials  are  low  enough.  Production  cost  will  be  possible  to 
be  reduced  by  using  U308  or  U03  instead  of  U02. 

Impurities:  The  impurities  in  uranium  chloride  are  listed  in  Table  4  with  Pre- 
y^LIS  requirement  data.  Product  had  less  impurity  than  Pre-AVLIS  requirement. 
As  for  the  uranium  oxi-chloride,  no  evidence  of  its  existence  was  observed  in  any 
of  the  experiments. 


IKg-U  scale  experiment 

The  results  are  listed  in  Table  3.  Cl/U  molar  ratio  were  almost  4.  Recovery  of 
uranium  was  high:(>96%).  These  results  show  that  this  method  was  able  to  be  adopted 
to  a  larger  size  uranium  tetrachloride  production  process. 


CONCLUSIONS 

1.  The  vertical  type  chamber  is  very  suitable  for  the  UCl4  production  process. 

2.  The  influences  of  fundamental  parameters  were  confirmed  as  follows; 

(1) reaction  temperature;  1173K  was  preferable  to  1073K 

(2) carrier  gas  ;there  are  no  differences  between  Ar  and  N2 

(3) starting  oxide  ;there  are  no  differences  among  U02,  U308  and  U03 

(4) impurities  ;the  percentage  of  impurities  in  the  product  was  low  enough 

3.  This  method  is  possible  to  be  adopted  to  a  larger  size  uranium  tetrachloride  production 
process. 
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Metal  U 

Fig.l  Flowsheet  of  Uranium  Metal 
Production  Process 
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Table  1  Experimental  conditions  and  results  of  the  30g-U  scale  experiments 

starting  Oxide  U02  U02  U02  U02  U02  U02  U02  U02  U02  U02 

Weight  of  Uranium  Oxide  (g)  30  30  30  30  30  30  30  30  30  30 
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Table  3  Experimental  conditions  and  resuts 
of  the  Ikg-U  scale  experiment 
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ABSTRACT 

Corrosion  behaviors  of  materials  used  in  molten  uranium  or  fluoride  were 
studied  in  order  to  predict  life  spans  of  the  materials  and  know 
contamination  levels  of  uranium  by  the  materials.  By  means  of 
compatibility  tests,  materials,  such  as  Y203  to  molten  uranium,  graphite 
and  W  also  to  molten  uranium  to  some  extent,  graphite  and  Mo  to  molten 
fluoride,  are  proved  to  be  corrosion  resistance  materials,  and  their 
corrosion  behaviors  are  discussed.  Furthermore,  the  materials  were  used  in 
electrolysis  operation,  and  evaluated  by  compareing  their  corrosion 
behaviors  with  those  observed  in  the  compatibility  tests.  The  result  is  that 
each  material  shows  quite  similar  corrosion  behavior  in  both  cases. 

INTRODUCTION 

There  is  a  process  which  electrolyze  uranium  oxides  directly  to  metal  in  fluoride 
electrolyte  among  the  electrolysis  processes.  In  this  process,  uranium  metal 
electrodeposited  is  dealt  with  in  liquid  phase  because  of  its  high  electrolysis  temperature 
(around  1200°C).  Both  molten  uranium  and  fluoride  are  so  corrosive  that  it  is  important  to 
find  corrosion  resistance  materials  to  select  apparatus  materials.  Furthermore,  it  is 
important  to  know  life  spans  of  the  materials  and  contamination  of  uranium  from  the 
materials  by  making  their  corrosion  behaviors  clear. 

Though  studies  on  corrosion  resistance  materials  to  molten  uranium  or  fluoride 
were,  if  an5^hing,  done  energetically  so  far  they  are  not  always  available  for  the 
selection  of  apparatus  materials  for  mass  production.  There  are  many  things  which  have 
not  been  revealed  yet,  for  example,  long-term  corrosion  resistance  at  high  temperature 
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around  1200”C,  corrosion  behaviors  in  electrolysis  apparatus,  effects  of  degradation  in 
density  of  materials  for  higher  cost  performance  etc. 

From  such  background,  first,  candidate  materials  listed  in  Table  1  were  chosen  by 
means  of  literature  review  In  choosing  them,  workability  and  possibility  of  mass 
production,  etc.,  were  taken  account  of  as  well  as  corrosion  resistance.  Properties  of  the 
candidate  materials  were  also  shown  in  Table  1.  Then,  compatibility  tests  were  carried  out 
on  those  materials.  On  the  basis  of  results  of  the  compatibility  tests,  corrosion  resistance 
materials  were  selected.  The  corrosion  behaviors  of  those  materials  were  also  investigated 
by  both  the  compatibility  tests  and  electrolysis  operation. 

EXPERIMENT 


Compatibility  Tests 

Selection  of  corrosion  resistance  materials.  Preliminary  compatibility  test  were 
carried  out  between  the  candidate  materials,  and  molten  uranium  or  fluoride.  Each 
material  was  formed  to  a  crucible  shape  whose  outer  diameter  and  height  were  about 
30mm  by  machining,  sintering  and  plasma  spray.  Fifty  grams  of  uranium  metal  or  7  grams 
of  fluoride  (74wt%BaF2-l  lwt%LiF-15wt%UF4)  was  then  filled  in  the  material  crucibles. 
Uranium  metal  was  pickled  and  fluoride  was  dried  at  100°C  in  advance.  Chemical 
compositions  of  uranium  metal  and  fluoride  used  in  the  tests  were  shown  in  Table  2.  The 
material  crucibles  filled  with  uranium  metal  or  fluoride  were  placed  in  a  furnace,  and 
heated  on  the  conditions  listed  in  Table  3.  After  heating,  the  outside  appearances  of 
material  crucibles  were  observed,  then  the  material  crucibles  were  cut  for  analyses.  Cross 
sections  of  the  interfaces  between  materials  and  uranium  metal  or  fluoride  were  also 
observed  and  analyzed,  using  XRD,  EPMA,  etc. 

Long-term  compatibility  test.  Compatibility  test  extended  to  from  96  hours  to  936 
hours  were  carried  out  on  materials  which  showed  good  corrosion  resistance  in  the  test 
within  32  hours.  Heating  temperature  was  mainly  set  to  1240°C ,  here.  Some  of  the 
materials  needed  covers  on  the  crucibles  in  order  to  prevent  molten  uranium  or  fluoride 
creeping  out  because  of  their  high  wettabilities. 

Corrosion  evaluation  of  Materials  in  Electrolysis  Operation 

The  materials  which  showed  good  corrosion  resistance  in  the  compatibility  tests 
(including  exceptional  materials)  were  used  in  apparatuses  of  electrolysis  or  related 
experiments,  and  checked  their  corrosion  behaviors.  Details  of  the  electrolysis  and  related 
experiments  are  described  in  the  another  paper  of  this  proceedings  volume.  Each  material 
was  used  repeatedly  at  around  1200°C  in  the  experiments.  Total  use  times  of  the  materials 
changed  from  several  hours  to  several  tens  of  hours  according  to  parts  of  apparatuses 
where  the  materials  were  used.  Every  material,  except  a  few  materials,  experienced  heat 
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cycles  between  room  temperature  and  around  1200°C  more  than  5  times.  After  the 
experiments,  components  of  the  apparatuses  were  taken  apart,  and  specimens  for  analyses 
were  sampled.  The  specimens  were  analyzed  by  the  same  methods  as  the  compatibility 
tests. 


Corrosion  behaviors  of  materials  in  the  electrolysis  process  were  evaluated  by 
comparing  results  obtained  with  those  of  the  compatibility  tests. 

RESULTS  AND  DISCUSSION 


Compatibility  Tests 

Selection  of  corrosion  resistance  materials.  Result  of  the  preliminary  compatibility 
test  is  summarized  in  Table  4.  Yttrium  oxide  showed  good  corrosion  resistance  to  molten 
uranium  regardless  of  the  decrease  in  density,  the  difference  between  sintered  body  and 
plasma-splayed  one.  Tungsten,  graphite,  U02  and  CaAl407  showed  corrosion  resistance 
to  molten  uranium  to  some  extent.  On  the  other  hand,  graphite  (regardless  of  the 
degradation  in  both  purity  and  density),  amorphous  carbon  and  Mo  showed  good 
corrosion  resistance  to  molten  fluoride.  Tungsten  and  BN  did  not  show  any  reaction  with 
molten  fluoride,  but  embrittlement  by  recrystallization  in  the  case  of  W  and  infiltration  of 
molten  fluoride  in  the  case  of  BN  were  observed. 

Selected  materials  by  the  test  were  as  follows.  Materials  for  molten  uranium  were 
Y2O3,  W  and  graphite  (W  and  graphite  were  selected  because  of  their  functions  as  a 
conductor  or  corrosion  resistance  to  molten  fluoride).  Materials  for  molten  fluoride  were 
graphite  (including  amorphous  carbon)  and  Mo. 

Long-term  compatibility  test.  Result  of  the  long-term  compatibility  test  was 
qualitatively  same  as  that  of  preliminary  compatibility  test  but  degree  of  the  corrosion  was 
greater  except  in  the  case  of  graphite  to  molten  fluoride.  Graphite  to  molten  fluoride  did 
not  show  any  corrosion. 

Corrosion  behaviors  of  selected  materials 

Corrosion  behaviors  revealed  by  the  compatibility  tests  were  as  follows. 

Y2O3  to  molten  uranium.  When  the  temperature  was  1240°C,  slight  amount  of 
UO2  was  formed  at  the  interface  between  Y2O3  and  molten  uranium,  and  slight  color 
change  of  Y2O3  was  observed  only  in  the  vicinity  of  the  interface  even  after  936  hours 
contact.  On  the  other  hand,  when  the  temperature  was  1400°C,  remarkable  color  change 
of  Y2O3  from  white  to  black  was  observed  after  96,  936  hours  contact,  and  UO2  layer 
was  formed  (~  iOOg  m  thick  after  96  hours).  In  every  condition,  Yttrium  was  not 
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detected  in  uranium  metal.  The  color  change  is  considered  to  be  those  caused  by  oxygen 
defects  because  only  Y203  can  be  the  oxygen  source  of  the  U02  layer.  Therefore,  it  is 
considered  that  the  corrosion  behaviors  of  Y203  are  formation  of  the  oxygen  defects  and 
the  oxidation  of  molten  uranium  forming  U02. 

Graphite  to  molten  uranium.  It  was  observed  that  UC  layer  was  formed  at  interface 
between  graphite  and  molten  uranium  by  reaction  of  C  +  U  ^  UC.  Uranium  Carbide  was 
formed  not  only  at  the  interface  but  in  molten  uranium  region  as  UC  dendrite.  The  UC 
dendrite  soaked  up  molten  uranium  while  growing  up  along  the  surface  of  graphite 
crucible,  hence  it  was  observed  that  molten  uranium  crept  up  on  the  inner  wall  of  graphite 
crucible.  Weight  increases  of  UC,  estimated  from  width  of  the  UC  layer  and  carbon 
content  of  uranium  containing  the  UC  dendrite,  are  plotted  in  Fig  1  The  formation  rate  of 
UC  decreases  with  time.  The  slope  of  line  within  8  hours  is  in  between  0.5  and  1.0.  On  the 
contrary,  the  slope  of  line  over  8  hours  is  about  0.5  or  less.  This  indicates  that  the  rate 
determining  step  may  change  from  reaction-diffusion  to  diffusion  (or  slower  step  than 
diffusion)  with  time.  Therefore,  it  is  suggested  that  the  UC  layer  may  be  protective  to 
some  extent. 

W  to  molten  uranium.  It  was  observed  that  grain  boundaries  of  W  were  dissolved 
preferentially  and  some  amounts  of  grains  were  floating  in  uranium  metal.  Tungsten 
contents  in  uranium  metal  after  the  test  at  1240°C  are  shown  in  Fig.2.  The  W  contents  are 
almost  constant  regardless  of  their  heating  time.  Figure  2  indicates  that  W  dissolves 
quickly  in  molten  uranium  and  no  more  dissolution  do  not  occur  after  W  content  reaches 
its  solubility  (within  3  hours).  The  grains  of  W  grew  up  by  recrystallization  with  the 
heating  time,  and  W  embrittled  remarkably  especially  in  the  case  of  936  hours.  Wettability 
of  W  with  molten  uranium  also  increased  with  the  heating  time,  and  molten  uranium  crept 
out  from  the  W  crucible  in  the  case  of  936  hours.  This  creeping  is  considered  to  be  caused 
by  the  coarse  surface  of  recrystallized  W  and  its  capillarity. 

Graphite  to  molten  fluoride.  Graphite  heated  with  molten  fluoride  did  not  show 
any  corrosion,  and  no  increase  of  carbon  content  in  fluoride  was  observed.  The  carbon 
content  changes  with  time  were  also  shown  in  Fig.2.  Hence,  it  can  be  said  that  graphite  is 
a  good  corrosion  resistance  material  to  molten  fluoride.  The  only  change  observed  in  the 
compatibility  tests  was  slight  infiltration  of  molten  fluoride  when  graphite  was  degraded  in 
purity  and  density. 

Mo  to  molten  fluoride.  Molybdenum  recrystallized  with  time  but  its  embrittlement 
was  slight  compared  to  W.  Neither  reaction  layer  nor  increase  of  Mo  content  in  fluoride 
was  observed.  Therefore,  Molybdenum  is  good  corrosion  resistance  material  to  molten 
fluoride.  However,  it  was  suggested  that  the  Mo  content  in  fluoride  was  effected  by 
moisture  content  of  fluoride  before  heating.  When  Mo  was  heated  with  fluoride  which  had 
experienced  premelting.  Molybdenum  was  not  detected  in  fluoride.  On  the  contrary,  when 
Mo  was  heated  with  fluoride  powder  which  was  only  dried  at  100°C,  Molybdenum  was 
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detected.  This  results  indicate  that  Mo  is  corroded  only  when  moisture  exists  in  the 
fluoride. 


Y2O3  to  molten  fluoride.  Yttrium  oxide  is  not  a  corrosion  resistance  material  to 
molten  fluoride  but  it  is  so  good  corrosion  resistance  material  to  molten  uranium  that  its 
compatibility  with  molten  fluoride  is  tested.  As  the  result,  existence  of  Y203  +  UF4  ^ 
YOF  +  UO2  +  YF3  reaction  was  suggested.  This  reaction  progressed  quickly  and  UO2 
layer  was  formed  at  the  interface  while  a  part  of  Y203  changed  to  YOF.  Many  cracks 
were  introduced  both  in  area  of  YOF  (including  remaining  Y2O3)  and  U02  layer.  Yttrium 
was  detected  in  fluoride  by  analysis. 

Corrosion  evaluation  of  Materials  in  Electrolysis  Operation 

Result  of  corrosion  evaluation  of  materials  is  summarized  in  TableS.  Part  names  of 
apparatus  where  materials  were  used  and  their  histories  are  also  written  in  Table  5.  Every 
material  functioned  normally  as  a  corrosion  resistance  material  during  its  service. 
Especially  Y203  to  molten  uranium,  and  graphite  to  molten  fluoride  showed  similar  results 
to  the  compatibility  tests  even  though  they  were  heat  cycled  at  least  5  times.  Graphite  and 
W  to  molten  uranium  were  cracked  at  the  vicinity  of  the  interface  between  graphite  and 
uranium.  Those  cracks  are  considered  to  be  caused  by  stronger  effects  of  differences  of 
thermal  expansion  between  materials  and  uranium  metal  when  their  size  become  bigger. 
Therefore,  it  is  desirable  that  graphite  and  W  do  not  experience  any  heat  recycling  when 
they  are  used  as  corrosion  resistance  materials  to  molten  uranium.  It  was  clear  that  Mo 
corroded  in  electrolyte  initially  because  Mo  was  detected  in  electrolyte  contacted  with  Mo 
parts.  However,  the  corrosion  considered  to  be  that  occurred  by  moisture  initially 
included  in  raw  fluoride  because  Mo  content  decrease  drastically  after  the  series  of 
electrolysis  experiments.  Boron  nitride  was  used  as  an  insulator  in  the  electrolyte,  but 
infiltration  of  fluoride  was  observed  in  the  same  way  with  the  compatibility  test.  Hence, 
possibility  of  electrical  short  was  suggested  in  the  long  run. 

CONCLUSION 


Corrosion  resistance  material  to  molten  uranium  is  Y2O3,  and  both  graphite  and 
tungsten  show  corrosion  resistance  to  some  extent.  On  the  other  hand,  corrosion 
resistance  materials  to  molten  fluoride  are  graphite  and  Mo.  Yttrium  oxide  corrodes 
slowly  by  molten  uranium,  and  Mo  also  corrodes  by  molten  fluoride  in  the  presence  of 
moisture  content.  Corrosion  behaviors  of  these  materials  in  electrolysis  operation  are 
similar  to  those  observed  in  compatibility  tests.  However,  introduction  of  cracks  by  heat 
cycling  is  recognized  in  the  case  of  Graphite  and  W  to  molten  uranium.  These  results  are 
quite  useful  to  design  ftirther  experiments  for  prediction  of  life  spans  of  the  materials  and 
contamination  of  uranium  by  the  materials  in  the  electrolysis  process  for  uranium  metal 
production. 
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4-1  Ukisliiina-cho,  Kawasaki-ku,  Kawasaki  2 10,  Japan 


ABSTRACT 

In  order  to  confirm  experimentally  the  new  partitioning  process  composed  of  oxalate 
precipitation  with  electrorefining,  the  simulated  transuranium  elements  (TRUs)  are 
separated  from  KCl-LiCl  eutectic  by  electrorefining.  The  simulated  TRUs  are  ceiium 
(Ce)  and  the  simulated  rare  earth  elements  are  lanthanum  (La) .  Separation  factor  is 
defined  as  La/Ce  concentration  ratio  in  KCl-LiCl  eutectic  and  La/Ce  concentration 
ratio  on  cathode.  Separation  factor  increases  in  accordance  with  increasingly  negative 
electrolytic  potential.  Separation  factor  is  about  5  in  La/Ce  ratio  in  KCl  -  LiCl  eutectic 
ft-om  1  to  11  under  the  following  conditions  :  0.5  wt%  Ce  in  KCl-LiCI  eutectic  and 
-1.76  V  vs  Ag/AgCl(0.  Iw/o)  of  electrolytic  potential.  Separation  factor  is  independent 
of  La/Ce  concentration  ratio  in  KCl-LiCl  eutectic  from  1  to  1 1 .  Therefore  it  is  possi¬ 
ble  to  estimate  La/Ce  ratio  on  cathode. 


INTRODUCTION 


High-level  radioactive  liquid  waste  (HLW)  is  produced  in  the  spent  fuel  leprocessing 
process.  This  process  generally  employs  plutonium  reduction  extraction  (PUREX)  methods  whereby 
spent  fuel  is  dissolved  in  nitric  acid  and  then  plutonium  and  uranium  are  extracted  by  tributyl 
phosphate  (TBP).  HLW  is  raffinate  that  consists  of  alkali  elements,  alkaline  earth  elements,  noble 
metals,  rare  earth  elements  (REs)  and  transuranium  elements  (TRUs).  TRUs  have  long  half-life  and 
are  a  emitters.  Therefore,  it  is  necessary  for  TRUs  to  be  separated  fiom  HLW  before  HLW  is 
disposed  in  geologic  repository 

The  separation  methods  for  TRUs  from  HLW  are  classified  into  two  categories,  that  is,  the 
wet  processes  and  dry  processes.  The  wet  processes  consist  of  solvent  extraction,  ion  exchange  and 
precipitation.  The  methods  of  TRU  recovery  such  as  the  TRUEX  process^  and  the  OXAL 
process'^^  have  been  developed  and  an  advanced  partitioning  process  has  been  investigated  by  Japan 
Atomic  Energy  Institute  (JAERI)*''*.  The  dry  process  composed  of  four  steps,  that  is,  coiwersion, 
dissolution,  reduction  and  electrorefining,  has  been  developed  by  Cential  Research  Institute  of 
Electric  Power  Industry  (CREPI)'"^’  Though  the  dry  process  is  a  simple  process,  such  pretreatment 
as  conversion  of  HLW  to  chlonde  is  necessary  before  electrorefining.  I'herefore,  it  is  desirable  to 
develop  a  partitioning  process  that  achieves  simplicity  and  high  separation  without  pretreatment. 
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Figure  1  shows  a  new  partitioning  process  combining  oxalate  precipitation  and 
electrorefining  developed  by  Toshiba  Corporation.  This  partitioning  process  is  characterized  by 
oxalate  precipitation  yielding  high  TRU  recovery  and  electrorefining  achieving  high  TRU  separation 
fi  om  REs,  This  process  is  composed  of  three  steps.  In  the  first  step,  TRUs,  REs  and  alkaline  earth 
elements  whose  oxalates  have  smaller  solubility  are  recovered  trom  HLW  by  the  addition  of  oxalic 
acid.  In  the  second  step,  these  oxalates  are  converted  to  chlorides  with  hydrochloric  acid  and 
hydrogen  peroxide.  In  the  final  step,  TRUs  are  recovered  on  cathode  by  electrorefining  after  these 
chlorides  have  been  dissolved  in  KCl-LiCl  eutectic.  In  order  to  confirm  the  new  partitioning  process 
experimentally,  it  was  investigated  whether  the  simulated  TRUs  are  separated  from  REs  by 
potentiostatic  electrolysis. 


EXPERIMENTAL 


Table  1  shows  redox  potential  of  REs  and  TRUs.  Electrorefining  satisfies  the  requirement 
of  TRUs'  separation  fiom  REs  in  KCl-LiCl  eutectic.  In  general,  TRUs'  redox  potential  is  more 
positive  than  that  of  REs.  The  most  negative  element  in  TRUs  is  Am  and  the  most  positive  element 
in  REs  is  Gd.  The  difference  of  redox  potential  between  Am  and  Gd  is  almost  51  mV.  If  Am  were 
separated  from  Gd,  it  is  possible  that  TRUs  would  be  separated  from  REs.  Therefore  the  simulated 
TRUs  are  used  for  Ce  and  the  REs  are  La.  The  difference  of  redox  potential  between  Ce  and  La  is 
almost  67  mV.  This  potential  difference  between  Am  and  Gd  is  simulated. 

The  electrodes  and  electrolyte  were  contained  in  a  cylindrical  alumina  caicible  to  isolate  the 
cell  electrically.  The  alumina  crucible  has  an  outer  diameter  of  60  mm,  a  depth  of  100  mm  and  a  wall 
thickness  of  3  mm.  This  crucible  was  placed  in  an  argon  atmosphere  glove  box.  The  oxygen  and 
moisture  content  in  the  glove  box  was  maintained  below  10  ppm  during  the  operation.  Three 
electrodes  were  used  for  all  the  measurements.  The  working  electrode  for  cyclic  voltammetry  was 
molybdenum  rod,  1.3  mm  in  diameter  and  that  for  potentiostatic  electrolysis  was  low  carbon  steel 
rod,  3  mm  in  diameter.  The  counter  electrode  was  glassy  carbon  rod  produced  by  Tokai  Carbon,  3 
mm  in  diameter.  The  reference  electrode  was  Ag/AgCI(0.1w/o).  KCI-LiCi(99.99%  purity)  was 
obtained  from  Anderson  Physics  Laboratory.  The  operation  temperature  is  773K.  After  KCl- 
LiCi  ,CeCI;  and  LaCh  were  added  in  the  alumina  cmcible,  the  experiment  of  cyclic  voltammetiy  and 
potentiostatic  electrolysis  was  earned  out.  During  the  experiment,  Ce  concentration  was  raised  in 
increments  from  0.5  to  1.5  w/o  and  that  of  La  was  from  0.5  to  5.5  w/o  Separation  factor  may  be 
defined  as  Eq.[l]. 


La/Ce  concentration  ratio  in  KCl-LiCl 

Separation  factor  = 

La/Ce  concentration  ratio  on  cathode 


RESULT  AND  DISCUSSION 
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Cyclic  voltammelrv 


Figure  2  shows  the  cyclic  voltammogram  of  LaCi3  in  KCl-LiCl  at  773K.  La  concentration  is 
0.22  wt%.  The  potential  scan  rate  is  varied  from  20  to  200  mV/s.  Two  waves  are  observed  for  both 
cathodic  and  anodic  scan.  WopschalP'  investigated  whether  the  product  is  strongly  adsorbed  and 
found  that  separation  adsorption  peak  may  occur  prioi'  to  nonnal  peak.  The  reaction  of  La  on 
electrode  is  shown  by  Eq,[2], 


La'''+3e'^La  [2] 

Because  La  is  deposited  on  electrode.  La  is  strongly  adsorbed.  Assuming  that  La  adsorption  is 
subject  to  the  Langmiur  isotherm,  the  free  energy  of  adsorption,  A  G  ,  is  calculated  by  experimental 
result.  The  surface  concentration,  F  r,  may  be  defined  as  Eq.[3], 


F  R  —  r  r^Cr/(Kr+Cr)  [3] 

where  F  ^  is  the  saturation  value  at  maximum  surface  coverage  and  Cr  is  the  solution 
concentration.  Kr  may  be  defined  by  A  G  as  Eq.[4], 


-  RT  •  InKR  =  A  G  "+  a (E-E,")  =  A  G  [4] 

where  R  is  gas  constant,  T  is  absolute  temperature  and  E,  ”  is  the  adsorption  redox  potential. 
Adsorption  peak  potential  is  defined  as  E,x;i  and  normal  peak  potential  is  E,,;2.  If  E  can  be 
approximately  E,x;i,  Kr  is  approximately  Cr  and  Co  is  Co  It  is  shown  by  Eq.fS]  that  potential  is 
related  to  solution  concentration. 

Co/CR=exp[(nF/RT)(E-E,.)]  [5] 

By  combination  ofEq.[4]  and  Eq.[5] . 

Co*/KP'  =  exp[-(ct /RT)(E,.,-Ea‘^)-(nF/RT)(E,.,-E,,2)]  [6] 

Assuming  that  the  adsorption  obeys  the  Langmiur  isothemi,  Eivi  is  equal  to  Ea”.  Thus  it  is  shown  by 
Eq.[7]  that  potential  is  related  to  solution  concentration  and  the  Langmiur  isotheim  parameter  K|<‘’. 

Co*  /  Kr”  =  exp  f  -  (  nF  /  RT )  a  Ep  ]  ,  A  Ep  -  E,,.,  -  E,  2  [7] 

The  value  of  A  Ep  is  0. 1  V  .  Thus  A  G  is  calculated  to  be  9.2  kcaFmol..  Figure  3  shows  the  eftect 
of  the  square  root  of  potential  scan  rate  on  the  normal  peak  current  density.  The  peak  cunent  density 
is  in  direct  proportion  to  the  potential  scan  rate.  Therefore  La  electrode  reaction  is  difiltsion- 
controlled. 
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Figure  4  shows  the  cyclic  voltammogram  of  CeCls  in  KCl-LiCl  at  773K.  Ce  concentration 
is  0.22  wt%.  The  potential  scan  rate  is  varied  from  20  to  200  mV/s.  One  wave  is  observed  for 
cathodic  scan  and  three  waves  for  anodic  scan.  The  shape  of  cathodic  wave  indicates  that  the 
product  is  not  strongly  adsorbed.  Figure  5  shows  the  effect  of  the  square  root  of  the  potential  scan 
rate  on  the  nomial  peak  current  density.  The  peak  current  density  is  in  direct  proportion  to  potential 
scan  rate.  Therefore  Ce  electrode  reaction  is  diffusion-controlled. 


Effect  of  electrolytic  potential  on  separation  factor 

Figure  6  shows  the  effect  of  electrolytic  potential  on  separation  factor  when  La  and  Ce  was 
1.5  wt%  in  KCl-LiCI.  Electrolytic  potential  varied  from  -1.76  to  -1.825  V  vs  Ag/AgCl(0.  Iw/o). 
Separation  factor  is  about  6  at  electrolytic  potential  from  -1.76  to  -1.8  V  vs  Ag/AgCl(0.  Iw/o).  But 
separation  factor  is  about  3  at  -1.825  V  vs  Ag/AgCl(0.1w/o).  The  proportion  of  La  deposition  on 
cathode  decreases  when  electrolytic  potential  is  more  negative  than  La  redox  potential.  On  the  other 
hand,  the  proportion  of  Ce  deposition  on  cathode  increases  as  this  electrolytic  potential  is  more 
positive  than  Ce  redox  potential.  Therefore  separation  factor  increases  in  accordance  with 
increasingly  negative  electrolytic  potential. 


Effect  of  initial  La/Ce  concentration  ratio  in  KCl-LiCI  eutectic  on  separation  factor 

Figure  7  shows  the  effect  of  initial  La/Ce  concentration  ratio  in  KCl-LiCI  eutectic  on 
separation  factor  when  initial  La/Ce  concentration  was  from  1  to  1 1 .  La  concentration  varied  fiom 
0.5  to  5.5  wt%  and  Ce  concentration  is  0.5  wt%.  Electrolytic  potential  is  -1.76  V  vs 
Ag/AgCI(0.1w/o).  Separation  factor  is  about  5  in  La/Ce  concentration  ratio  from  I  to  11. 
Separation  factor  is  constantly  independent  of  La/Ce  concentration  ratio. 

In  general,  REs  and  TRUs  are  diffusion-controlled  in  molten  salt.  La  and  Ce  are  dilfrision- 
controlled  by  cyclic  voltammetry.  As  electrode  reaction  is  diffusion-controlled,  the  current  density 
may  be  defined  as  Eq.[8], 


i  =  nFD(C"-C)/ (5  [8] 

where  i  is  the  cunent  density,  n  is  the  number  of  electron,  F  is  the  Faraday  constant,  D  is  the  diffusion 
coefficient,  C"  is  the  bulk  concentration  of  oxidant,  C  is  the  electrode  surface  concentration  of 
oxidant  and  (5  is  the  thickness  of  diffusion  layer.  As  La  concentration  in  molten  salt  is  m  times,  the 
current  density  may  be  defined  as  Eq.  [8-1], 

in,=  nFD(mC"-C,„)/  (5  [8-1] 

where  i,,,  is  the  current  density  of  La  and  C„,  is  the  La  electrode  surface  concentration.  If 
concentration  relation  satisfies  Eq.[9],  i,„/  i  is  approximately  detennined  by  Eq  [9-1] 
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C’>>C.„>  c 

[9] 

i,„/  i  =  m 

[9-1] 

If  La  concentration  in  molten  salt  is  doubled,  La  cathodic  current  is  doubled.  La  cathodic  cuirent  is 
equal  to  La  deposition.  Separation  factor  may  be  defined  as  La/Ce  concentration  ratio  in  KCI-LiCl 
and  La/Ce  concentration  ratio  on  cathode.  Therefore  separation  factor  is  constant  at  La/Ce 
concentration  ratio  fiom  1  to  1 1 .  It  is  possible  to  estimate  La/Ce  ratio  on  cathode  by  separation 
factor. 


CONCLUSION 


It  was  confinned  experimentally  the  new  partitioning  process  composed  of  oxalate 
precipitation  with  electrorefining,  Ce  was  separated  from  La  by  potentiostatic  electrolysis.  Separation 
factor  is  about  5  under  the  following  conditions  :  0.5  wt%  Ce  in  KCt-LiCI  eutectic  and  - 1 .76  V  vs 
Ag/AgCl(0.1w/o)  of  electrolytic  potential.  Separation  factor  is  independent  of  La/Ce  concentration 
ratio  in  KCl-LiCl  eutectic  from  1  to  1 1.  It  is  possible  to  estimate  La/Ce  ratio  on  cathode.  Therefore 
TRUs  were  separated  from  REs. 
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Alkali  earth  elemenis  TRUS 
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Fig.  1  Process  flow  of  a  new  partitioning  process 
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Fig.  5  Effect  of  the  square  root  of  the  potential  scan 
rate  on  Ce  peak  current  density 
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Fig.2  Cyclic  voltammogram  of  LaCl? 


Fig.  3  Effect  of  the  square  root  of  the  potential  scan 
rate  on  La  normal  peak  current  density 
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Fig.  6  Effect  of  electrolytic  potential  on 
separation  factor 
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Fig.  7  Effect  of  La/Ce  concentration  ratio  in 
KCl-LiCl  eutectic  on  separation  factor 
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Abstract 

For  electrorefining  of  A1  from  scrap  aluminum  using  a  bipolai" 
electrode  system,  characteristics  of  BaCl^-NaCl  melts,  less 
corrosive  for  cell  materials  than  fluonde  melts,  were  investigated. 
First,  methods  for  introducing  aluminum  components  into  BaCl^- 
NaCl  melts  were  examined  in  terms  ol  their  solubilities.  Only  melts 
fed  with  double  salts  of  AlF3-NaF  were  available  for  the  electrolysis 
bath.  Next,  characteristics  oi'  cathodic  reactions  in  the  melts  with 
various  concentrations  ol  aluminum  components  were  investigated. 
Plateau  currents  were  observed  at  0.35  and  0.75A/cm^  in  2.5  and 
5mol%  melts,  respectively,  whereas  no  plateau  current  was  found 
in  I0mol%  melts. 


Introduction 

A  novel  method  for  electrorefining  of  A1  from  scrap  aluminum  using  a  bipolar 
electrode  system  has  been  proposed  for  electric-energy  saving  and  high  productivity.  [1 -3 J 
This  method  requires  new  melts  which  are  less  corrosive  for  the  cell  material  because,  in 
this  system,  it  is  impossible  to  form  a  frozen  layer  on  the  inner  wall  of  the  cell  for  protection 
of  the  material.  We  selected  an  equimolar  BaCl^-NaCl  melt  as  the  base  melt  for  the  system. 
This  had  low  corrosivity  against  the  cell  material  composed  of  oxides  and  a  higher  density 

than  liquid  Al.  u  u 

In  this  report  we  describe  a  method  to  introduce  aluminum  components  into  the  base 
melt  and  the  characteristics  of  the  cathodic  reaction  in  melts  with  various  concentrations  of 
aluminum  components. 


Experimental 

The  apparatus  for  measurement  of  polarization  curves  is  illustrated  in  Fig.  1.  The  cell 
consisted  of  a  graphite  crucible  placed  in  a  quartz  vessel  and  an  alumina  tube  inserted  into 
the  crucible.  The  anode  was  a  40wt%  Cu-Al  alloy  pool  settled  in  the  bottom  of  the  graphite 
crucible,  where  a  Ni  rod  was  embedded  to  improve  electric  contact.  A  graphite  cathode 
was  arranged  4cm  from  the  top  of  the  anode  pool  with  an  alumina  spacer. 

After  melting  an  equimolar  BaCl^-NaCl  salt  in  the  crucible  at  750°C,  we  added  a 
fixed  amount  of  40mol%AlF3-NaF  double  salts.  Next,  using  graphite  electrodes  instead  of 
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the  anode  and  cathode  electrodes,  vve  pre-eleclrolyzed  the  melt  at  cell  voltages  less  than 
2.2V  for  about  2  hours  to  remove  impurities.  After  the  refinement  of  the  melt  the  graphite 
electrodes  were  replaced  with  the  test  graphite  cathode.  A  pure  aluminum  rod  inserted  into 
an  alumina  tube  was  used  as  a  reterence  electrode. 

Polarization  curves  were  measured  galvanostatically  in  the  range  Irom  0.1  to  1.2 
A/cm^  in  melts  with  three  concentrations  of  A1  components,  2.5,  5  and  10mol%,  at  750°C. 


Results  and  Discussion 

As  sublimated  AlCl^  was  added  to  the  BaCl^-NaC!  melt  at  150°C,  time  variations  in 
the  A1  concentration  in  the  melt  were  followed.  The  results  are  presented  in  Fig.  2.  The 
figure  shows  that  the  introduction  of  gaseous  AlCl,  corresponding  to  6mol%  achieved  only 
2mol%  in  the  melt  and  AICI3  was  still  continuously  evaporating.  This  indicated  that  a 
sufficient  concentration  of  aluminum  components  could  not  be  attained  by  supplying  gaseous 
AICI3  because  of  its  high  vapor  pressure  at  this  temperature.  The  addition  of  AIF,  powder 
to  the  base  melt  resulted  in  a  melt  with  line  white  particles  suspended  in  it. 

Melts  containing  about  10mol%  AIF^  were  obtained  by  addition  ot  co-melted  AIF^- 
NaF  with  a  rather  naiTOW  range  of  compositions  (shown  by  the  hatched  area  in  Fig,  3)  to 
the  base  melt.  When  the  melts  with  concentrations  outside  the  hatched  area  were  supplied 
to  the  base  melt,  the  white  particles,  probably  due  to  AIF^,  remained  undissolved.  In  this 
procedure  no  significant  differences  were  recognized  between  the  additions  of  co-melted 
AlF,,-NaF  salts  in  a  liquid  state  and  a  solid  state  (double  salts).  The  density  of  the  melt 
containing  10mol%  AIF^  showed  2.52i0.04g/cm^,  whereas  the  density  ol  aluminum  is 
given  by  the  following  equation[4]; 

=[2.382  -  0.000272(t  -  658)]  g/emV 

Although  the  density  of  the  melt  was  larger  than  that  of  liquid  aluminum  (2.36g/cm^ 
at  750‘'C),  it  was  smaller  than  that  of  Gadeau  melt  (2.6g/cm^)  and  seemed  to  be  unavailable 
for  electrorefining.  To  raise  the  density  we  increased  the  BaCl^  component  in  the  base  melt 
to  55mol%BaClj-45mol%NaCl  and  proposed  a  new  melt  for  electrorefining  of  Al.  The 
composition  is  listed  together  with  those  ol  Hoopes  and  Gadeau  baths  in  Table  1.  The 
atomic  ratios  of  Cl  to  F  in  the  melts  are  also  presented  in  the  last  column. 

As  shown  in  the  table,  the  proposed  melt  was  mainly  composed  ot  chlorides  and 
suggestive  of  less  corrosivity  against  oxides  of  the  cell  material.  Corrosion  tests  actually 
showed  that  the  corrosivity  of  the  melt  was  one-twentieth  that  of  the  Gadeau  melt.  The 
density  of  the  proposed  melt  was  2.67 ± 0.03 g/cm^. 

Time  variations  in  the  concentrations  of  Al  components  in  the  proposed  melt  are 
shown  Fig.  4.  As  shown  in  the  figure,  the  concentrations  of  Al  components  stayed  constant 
for  over  one  day.  This  suggested  that  Al  components  existed  stably  in  this  melt.[5] 

To  investigate  the  characteristics  of  the  cathode  reactions,  polarization  curves  were 
measured  in  three  melts  with  different  concentrations  of  Al  components.  The  compositions 
of  the  melts  are  listed  in  Table  2.  Because  we  had  to  add  double  salts,  AIF3  and  NaF,  to  the 
base  melt  for  increments  in  aluminum  components  as  mentioned  above,  the  atomic  ratios 
of  Cl  to  F  and  the  atomic  fractions  of  Na  were  not  necessarily  obvious.  Thus,  they  are 
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presented  in  the  last  two  columns. 

Polarization  curves  obtained  in  the  three  melts  are  depicted  in  Fig.  5,  where  polanzation 
curves  in  the  anodic  region  are  also  plotted  together  with  cathodic  curves.  The  cathodic 
curves  in  the  figure  show  linear  relations;  the  curves  in  the  2.5  and  5mol%  melts  are 
composed  of  two  linear  parts.  This  indicated  that  the  main  parts  of  the  measured  potentials 
were  due  to  ohmic  potential  drops  in  the  electrolytes.  The  gradients  of  the  curves  increased 
with  the  increase  in  A1  components  and  this  suggested  that  the  conductivities  of  the  melts 
increased  with  the  increase  in  A1  components  because  the  conductivities  were  directly 
proportional  to  the  gradients. 

Coordinating  P  and  C\ ,  A1  and  Ba  ions  formed  big  complex  anions  in  these  melts. 
Since  the  complex  ions  could  hardly  move  through  electric  lields,  the  electric  conductance 
of  the  melts  was,  therefore,  predominantly  supported  by  Na  ions  in  the  melts.  The 
conductivities  of  the  melts  were  estimated  to  increase  with  increases  in  aluminum 
components,  since  the  Na  fractions  increased  with  them  as  shown  in  the  last  column  in 
Table  2.  The  cathodic  polarization  curves  reflect  the  conductivities  ol  the  melts. 

The  potentials  determined  by  extrapolating  the  curves  to  i=()  should  indicate  the 
reversible  potential  of  the  cathodic  reaction.  As  shown  in  the  figure  the  extrapolations  ot 
the  three  curves  in  low  current  regions  con^'erged  at  OV,  which  corresponds  to  the  reversible 
potential  of  Al.  On  the  other  hand,  the  extrapolated  lines  in  high  current  regions  in  the  2.5 
and  5mo!%  melts  came  together  at  about  -0.4V,  and  the  potential  is  regarded  as  a  reversible 
potential  of  Ba.[6]  Plateau  currents  observed  in  the  2.5  and  5mol%  melts  were  at  0.35  and 
0.75A/cm\  respectively,  and  the  values  were  directly  proportional  to  the  concentration  of 
Al  components;  this  relation  supports  the  hypothesis  that  the  plateau  currents  correspond 
to  the  limiting  current  densities  due  to  the  diffusion  of  Al  components. 

The  results  mentioned  above  suggested  that  in  the  2.5  and  5mol%  melts,  the  Al 
deposition  reaction  occurred  in  the  current  density  regions  under  the  plateaus  and  that  in 
the  regions  over  the  plateaus  the  main  cathodic  reaction  became  Ba  deposition.  In  the 
10mol%  melt,  the  cathodic  reaction  was  Al  deposition  in  all  current  ranges  in  the  experiment. 

In  the  anodic  region  three  curves  nearly  coincided  with  others,  though  they  showed 
mostly  linear  relations.  This  suggested  that  the  main  part  of  the  observed  potentials  could 
be  attributed  to  an  overvoltage  at  the  electrode/electrolyte  interfaces.  The  overvoltage  was 
probably  related  to  surface  activity  of  Al  in  the  alloy,  but  the  mechanism  is  remains  unclear 
at  present. 

After  6-hour  electrolysis,  the  compositions  of  cathodic  deposits  and  the  Cu-Al  pool 
were  analyzed  with  EPMA.  The  results  showed  no  evidence  of  copper  deposition  in  cathodic 
deposits,  whereas  condensation  of  copper  in  the  anode  pool  was  observed.  This  confirmed 
that  the  melt  proposed  in  this  report  might  be  available  for  electrorefining  Al  from  scrap 
aluminum,  and  that  a  concentration  over  5mol%  of  Al  components  was  preferable  to  apply 
the  current  density  of  0.6A/cm^  as  in  the  Hoopes  and  Gadeau  processes. 

Conclusions 

The  equimolar  BaCl^-NaCl  melt  fed  individually  with  AICI3  or  AIF3  is  not  applicable 
for  electrorefining  melts,  because  a  desired  amount  of  aluminum  components  can  not  exist 
stably  in  the  melt,  and  the  melts  supplied  with  co-melted  and  double  salts  of  about 
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40mol%AlF3-NaF  are  available  for  the  electrolysis  bath.  The  melts  did  not  cause  the  cell 
material  to  corrode.  In  the  polarization  curves  in  the  cathodic  region  plateau  currents  were 
observed  at  0.35  and  0.75A/cm^  in  the  melts  with  2.5  and  5mo!%  aluminum  components, 
respectively.  In  10mol%  melts,  plateau  current  was  not  observed.  A  concentration  over 
5mo!%  of  A1  components  is  preferable  to  gain  productivity  as  in  the  Floopes  and  Gadeau 
processes. 
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Table  1  Compositions  of  the  proposed  melt  and  Hoopes  and  Gadeau  baths(mol%). 


Electrolyte 

AIF3 

NaF 

BaF2 

BaCl2 

NaCl 

C1:F 

Hoopes  bath 

31.3 

53.6 

15.1 

0:  100 

Gadeau  bath 

28.1 

41.7 

30.2 

33  :67 

Proposed  melt 

5.0 

10.0 

7.5 

15.0 

48.1 

/ 

41.3 

39.4 

/ 

33.7 

86:  14 

72:28 

Table  2  Compositions  of  the  melts  used  for  polarization  curve  measurements  (mol%). 


AIF3 

NaF 

BaCl2 

NaCl 

C1:F 

Na  component(%) 

2.5 

3.8 

51.5 

42.2 

93  :  7 

46.0 

5.0 

7.5 

48.1 

39.4 

86:  14 

46.9 

10.0 

15.0 

41.3 

33.7 

72:28 

48.7 

Electrochemical  Society  Proceedings  Volume  96-7 


240 


Al  concentration  /mol% 


Fig.  1  Apparatus  for  polarization  curve  measurements. 


Time  /min 

Fig.  2.  Time  variations  in  concentration  of  Al  in  an  equimolar  BaClj-NaCl  melt. 
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lemperature  / 


Current  Density  (A/cm^) 


Potential  vs.  A!  electrode  (V) 


Fig.  5  Polarization  curves  in  55mol%  BaClj-NaCl  melts 
containing  A1  components. 

Concentrations  ol' A1  components  (mol%), 

A  :  2.5,  □  ;  5,  O  :  10. 
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ELECTROCHEMICAL  BEHAVIOR  OF  GLASSY  CARBON  AND  SOME 
METALS  IN  A  ZnCI^-NaCl  MELT 


Y.  Okano*  and  A.  Katagiri** 

*Graduate  School  of  Human  and  Environmental  Studies,  and  **Faculty  of  Integrated 
Human  Studies,  Kyoto  University,  Sakyo-ku,  Kyoto  606,  JAPAN 


Stability  and  reactivity  of  glassy  carbon,  nickel,  platinum,  and  tungsten  in 
ZnCl2-NaCl  (60-40  mol%)  melt  at  450°C  were  investigated  by  cyclic 
voltammetry  and  constant-potential  electrolysis.  Glassy  carbon  was  stable 
in  the  potential  range  of  0.23-1.8  V  vs.  Zn  in  ZnCl2-NaCl(saturated). 

Nickel  was  oxidized  and  partially  passivated  around  0.8-0.9  V.  X-ray 
diffraction  analysis  revealed  the  formation  of  ^  j-NiZn  alloy  at  0.3-0.35 
V  and  7  -NiZn  alloy  at  0.2-0.25  V.  Platinum  was  oxidized  and  partially 
passivated  around  1.7-1. 8  V,  formed  i5-PtZn  alloy  at  0.35-0.4  V,  7 1- 
PtZn  alloy  at  0.4  V,  and  7  -PtZn  alloy  at  0.2-0.25  V.  Voltammograms 
from  a  rotating  tungsten  disk  electrode  suggested  the  formation  of  a 
poorly  soluble  compound  in  an  anodic  process. 

INTRODUCTION 

Stability  and  reactivity  of  metals  in  molten  salts  are  important  in  considering  their  use 
in  electrolytic  processes.  We  have  been  interested  in  ZnCl2-NaCl  and  ZnBr2-NaBr  melts 
which  have  characteristics  such  as  low  melting  point  and  low  halide  activity  (1,  2).  In 
previous  papers  (3,  4)  we  reported  that  the  electrodeposition  of  tungsten  occurred  on 
nickel  and  glassy  carbon  substrates  in  these  melts.  Voltammetric  studies  of  some 
tungsten  compounds  were  performed  on  platinum  and  glassy  carbon  electrodes  (5,  6). 
For  interpreting  the  obtained  results,  it  is  necessary  to  know  the  electrochemical  behavior 
of  these  electrode  materials.  Furthermore,  the  dissolution  of  tungsten  anode  is  important 
in  an  electroplating  cell.  With  these  objectives  in  mind,  a  voltammetric  study  and 
constant-potential  electrolysis  were  performed  on  glassy  carbon,  nickel,  platinum,  and 
tungsten  in  a  ZnCl2-NaCl  (60-40  mol  %)  melt  at  450°C. 

EXPERIMENTAL 

Voltammetric  experiments  were  carried  out  in  a  Pyrex  cell.  Platinum  (0.5  mm  in 
diameter),  nickel  (0.5  mm  in  diameter),  and  tungsten  wires  (0.8  mm  in  diameter)  and  a 
glassy  carbon  rod  (Tokai  Carbon,  GC-20,  3  mm  in  diameter)  were  used  as  the  working 
electrode.  The  effective  area  of  the  glassy  carbon  electrode  was  a  circular  section  (0.071 
cm^)  of  the  rod  sealed  in  a  Pyrex  tube.  For  constant-potential  electrolysis,  nickel  and 
platinum  plates  (0.5  mm  in  thickness)  were  used.  A  rotating  tungsten  disk  electrode  was 
made  of  a  tungsten  rod  (3  mm  in  diameter)  and  a  Pyrex  tube.  The  counter  electrode  was 
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a  glassy  carbon  rod,  which  was  separated  from  the  main  compartment  by  a  glass  frit. 
The  reference  electrode  (RE)  was  molten  zinc  in  ZnClj-NaCKsaturated)  which  was 
separated  from  the  bulk  electrolyte  by  a  small  piece  of  sodium  ^-alumina.  Potential 
values  were  expressed  in  V  vs.  RE. 

Zinc  chloride  (Wako)  was  dried  at  250°C  under  vacuum,  and  then  sublimed  at 
450°C.  Sodium  chloride  (Wako)  was  dried  at  350°C  under  vacuum.  ZnClj-NaQ  (60-40 
mol%)  melt  was  prepared  at  350°C  in  a  Pyrex  tube  and  then  cooled  and  pulverized.  The 
cell  was  loaded  with  appropriate  materials  under  a  nitrogen  atmosphere  in  a  Mecaplex 
Model  GB80  glove  box  equipped  with  a  Vacuum/Atmospheres  HE-493  purifier.  The 
moisture  level  in  the  box  was  monitored  with  a  Shaw  Model  OEM-2  dew  point  meter; 
it  was  typically  below  4  ppm.  The  cell  was  heated  and  maintained  at  450°C  in  an 
electric  furnace  which  had  a  window  for  visual  observation.  The  inside  of  the  cell  was 
kept  under  a  nitrogen  atmosphere  at  slightly  positive  pressure  in  order  to  avoid 
atmospheric  oxygen  and  moisture.  Nitrogen  gas  was  occasionally  bubbled  through  the 
melt  for  stirring. 

Cyclic  voltammetry  was  performed  by  using  a  Hokuto  Denko  Model  HA-501 
potentiostat  and  Model  HB-104  function  generator.  X-ray  diffraction  was  performed 
with  a  JEOL  Model  JDX-8F  diffractometer  using  CuKj  radiation. 

RESULTS  AND  DISCUSSION 

Glassy  Carbon 

Cyclic  voltammetry  was  performed  to  examine  the  stability  of  glassy  carbon  as  the 
working  electrode  in  ZnClj-NaCl  (60-40  mol%)  melt  at  450°C.  Voltammograms  shown 
in  Fig.  1  was  very  reproducible.  Cathodic  (Cl)  and  anodic  (Al)  currents  occurring  around 
0.23  V  can  be  ascribed  to  the  deposition  and  dissolution  of  metallic  zinc  (liquid),  since 
a  separate  experiment  showed  that  the  potential  of  zinc  in  an  identical  melt  was  0.23  V 
at  open  circuit.  An  anodic  current  (A2)  was  observed  above  1.8  V  and  gas  bubbles  were 
generated  at  1.9  V.  The  corresponding  cathodic  current  was  not  observed,  indicating  that 
the  reaction  at  Al  was  irreversible.  Lantratov  and  Alabyshev  (7)  measured  the 
electromotive  force  (EMF)  of  the  cell  Zn/ZnCl2-NaCl/Cl2(l  atm)/graphite  and  reported 
the  value  of  1.63  V  for  the  melt  composition  of  60  mol%  ZnCl2  at  450°C.  Assuming 
that  the  equilibrium  potential  of  Zn/Zn^^  in  ZnCl2-NaCl  (60-40  mol%)  melt  is  0.23  V 
vs.  RE,  the  equilibrium  potential  of  Cl7Cl2(l  atm)  is  calculated  to  be  1.63  +  0.23  =  1.86 
V  vs.  RE.  Therefore  the  sharp  rise  of  anodic  current  (A2)  is  due  to  the  reaction 
Cr - >  (l/2)Cl2  +  e- 

Glassy  carbon  is  a  good  electrode  material  within  the  potential  window  of  0.23-1.8  V. 
Nickel 

Figure  2  shows  cyclic  voltammograms  obtained  for  a  nickel  electrode  in  different 
modes  of  potential  scanning.  Anodic  (Al)  and  cathodic  (Cl)  peaks  on  curves  a  and  d 
seem  to  represent  the  oxidation  of  nickel  and  the  reverse  reaction  (reduction)  of  the 
product,  which  is  presumably  solid  NiCl2  (see  below).  The  anodic  peak  Al  exhibits  the 
characteristics  of  passivation  which  is  also  suggested  by  the  fact  that  the  anodic  current 
due  to  the  evolution  of  Clj  did  not  occur  at  potentials  as  high  as  1.86  V. 
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Chemical  potential  data  at  723  K,  which  are  calculated  from  the  literature  (8)  and 
listed  in  Table  I,  give  the  Gibbs  energy  change  AG"  =  -195.8  kJ/mol  for  the  reaction 
Ni(s)  +C\^(g)  =  NiCl^Cs) 

at  723  K.  Therefore,  the  EMF  of  the  cell  Ni(s)/NiCl2(s)/Cl2(g)  is  -^GV2F  =  1.014  V. 
Since  the  equilibrium  potential  of  Cl2(g)/Cl’  in  ZnCl2-NaCI(60-40  mol%)  is  1.86  V  vs. 
RE,  the  potential  of  Ni(s)/NiCl2(s)/ZnCl2-NaCl(60-40  mol%)  is  calculated  to  be  1.86  - 
1.014  =  0.85  V  vs.  RE,  which  is  in  the  middle  of  the  peaks  A1  and  Cl.  Therefore  the 
following  reaction  can  be  assigned: 

A1 

Ni(s)  +  2Cr  NiCl2  +  2q 
C1 

Comparison  of  voltammetric  curves  a,  b,  and  c  suggests  that  the  anodic  peaks  A2  and 
A3  are  coupled  with  the  cathodic  peaks  C2  and  C3,  respectively.  Since  it  was  considered 
that  the  formation  of  nickel-zinc  alloys  (9,  10)  might  occur,  constant-potential 
electrolysis  was  carried  out  with  a  nickel  electrode,  and  X-ray  diffraction  analysis  of  the 
deposit  was  performed.  Published  data  of  X-ray  powder  diffraction  (11)  were  used  for 
identification.  As  shown  in  Table  II,  different  types  of  Ni-Zn  alloys  were  formed 
depending  upon  the  potential.  Figure  3  shows  X-ray  diffraction  patterns  obtained  for 
different  duration  of  electrolysis  at  0.250  V.  It  can  be  seen  that  the  diffraction  due  to  the 
nickel  substrate  decreases  in  the  course  of  electrolysis,  whereas  the  diffraction  due  to  the 
7  -NiZn  alloy  increases.  The  results  of  Table  II  suggest  that  the  currents  C2  and  C3 
represent  the  formation  of  iSj-NiZn  and  r -NiZn  alloys,  respectively.  Although  the 
increase  of  cathodic  current  (C4)  below  0.23  V  might  be  associated  with  the  deposition 
of  pure  zinc,  the  corresponding  anodic  current  was  not  observed,  and  only  7  -NiZn  alloy 
was  found  in  constant-potential  electrolysis  at  0.200  V.  It  seems  that  the  deposited  zinc 
(liquid)  quickly  reacted  with  the  nickel  substrate  to  yield  7  -NiZn  alloy. 

In  order  to  interpret  the  voltammetric  results,  thermodynamic  activity  data  of  Ni-Zn 
alloys  obtained  from  vapor  pressure  measurements  (12)  were  used.  Table  III  shows  the 
Zn  activity  at  450'’C,  in  mole  fraction  scale,  which  was  calculated  from 
experimentally  obtained  activity  parameters  (12).  Table  III  includes  the  corresponding 
equilibrium  potentials  referred  to  Zn/Zn^^  in  ZnCl2-NaCl(60-40  mol%)  and  to  RE: 

E  [V  vs.  Zn/Zn^*  in  ZnCl2-NaCl(60-40  mol%)]  =  -(RT/2F)\n 
E  [V  vs.  RE]  =  -{RTI2F)\n  +  0.23 

It  can  be  seen,  for  example,  that  7 -NiZn  alloy  is  thermodynamically  stable  in  the 
potential  range  0.235-0.299  V  vs.  RE.  Figure  4  shows  the  relationship  between  the  alloy 
composition  and  the  equilibrium  potential,  together  with  the  relevant  voltammograms 
(reproduced  from  Fig.  2).  The  vertical  broken  lines  are  the  boundaries  which  separate 
the  regions  of  thermodynamically  stable  phases  {a,  0^,  etc).  Figure  4  confirms  that 
the  currents  C2  and  C3  represent  the  formation  of  P  and  7  -NiZn  alloys,  respectively. 
The  anodic  current  A2  and  A3  correspond  to  the  oxidation  of  zinc  in  0  j-  and  7  -NiZn 
alloys,  respectively,  to  Zn^^  The  anodic  current  A5  may  represent  the  dissolution  of  zinc 
in  (X  -NiZn  alloy. 
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Platinum 

Similar  experiments  were  performed  for  a  platinum  electrode.  Figure  5  shows  cyclic 
voltammograms  obtained  in  different  modes  of  potential  scanning.  The  anodic  peak  A1 
on  curve  a  seems  to  represent  the  oxidation  of  platinum.  In  the  reverse  scan,  current 
oscillation  occurred  (AT),  which  indicates  the  alternation  of  passivation  and  reactivation, 
that  is,  the  repeated  formation  and  dissolution  of  a  passive  film.  The  cathodic  current  Cl 
may  be  due  to  the  reduction  of  the  oxidation  product,  which  is  presumably  solid  PtCl2. 
Thus,  chemical  potential  data  (8),  shown  in  Table  I,  give  the  Gibbs  energy  change  AG° 
=  -16.3  kJ/mol  for  the  reaction 

Pt(s)  +Cl2(g)  =  PtCl2(s) 

at  723  K.  Therefore,  EMF  of  the  cell  Pt(s)/PtCl2(s)/Cl2(g)  is  -  Ag72F  =  0.084  V.  The 
potential  of  Pt(s)/PtCl2(s)/ZnCl2-NaCl(60-40  mol%)  is  calculated  to  be  1.86  -  0.084  = 
1.776  V  vs.  RE,  which  is  in  the  middle  of  the  peaks  A1  and  Cl.  Therefore  the  following 
reaction  can  be  assigned: 

A1 

Pt(s)  +  2Cr  PtCl2  +  2e- 
C1 

Comparison  of  voltammetric  curves  b,  d  and  e  suggest  that  the  anodic  currents  A2 
and  A3  are  coupled  with  the  cathodic  currents  C2  and  C3,  respectively.  In  order  to 
investigate  the  formation  of  platinum-zinc  alloys,  constant-potential  electrolysis  was 
carried  out  with  a  platinum  electrode,  and  X-ray  diffraction  analysis  was  performed.  As 
shown  in  Table  IV,  different  types  of  Pt-Zn  alloys  (10,  13)  were  formed  depending  upon 
the  potential.  The  results  of  Table  IV  suggest  that  the  current  C2  represents  the 
formation  of  d  j-PtZn  alloy.  7  -  and  7  j-PtZn  alloys  are  formed  by  the  cathodic 
current  C3.  Thermodynamic  activity  data  on  Pt-Zn  alloys  (14)  are  not  sufficient  for 
detailed  discussion. 

Tungsten 

Figure  6  shows  cyclic  voltammograms  obtained  for  a  tungsten  wire  electrode. 
Cathodic  and  anodic  currents  due  to  the  deposition  and  dissolution  of  metallic  zinc  were 
observed  at  0.23  V.  Anodic  current  occurred  above  0.7  V  with  no  indication  of 
passivation.  Evolution  of  gas  bubbles  was  seen  at  1.2  V.  Since  the  equilibrium  potential 
of  Cl2(l  atm)/Cl'  has  been  estimated  to  be  1.86  V,  the  gas  may  not  be  chlorine  but 
volatile  chloride  of  tungsten.  Chemical  potential  data  (Table  I)  yield  the  following  values 
of  equilibrium  potentials  (V  vs.  RE): 

WCl2(s)  +  2e-  =  W  +  2C1-  0.958  V 

WClis)  +  4e-  =  W  +  4CT  1.215  V 

WCl5(g)  +  5e-  =  W  +  5Cr  1.277  V 

WCl6(g)  +  6e-  =  W  +  6Cr  1.353  V 

WCl5(g)  +  3e-  =  WCl2(s)  +  3CT  1.489  V 

WCl6(g)  +  4e-  =  WCl2(s)  +  4Cl-  1.551  V 

It  is  probable  that  WCI5  and  WCl^  are  formed  at  higher  potentials. 

In  order  to  investigate  the  anodic  behavior  more  closely,  a  rotating  tungsten  disk 
electrode  was  used.  The  obtained  voltammograms  (Fig.  7)  show  complex  phenomena 
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occurring  at  potentials  1.1-L4  V.  Thus,  anodic  current  decreased  as  the  potential 
increased,  and  that  to  greater  extent  at  higher  rotation  rates.  Such  observations  suggest 
that  poorly  soluble  product  was  formed  which  was  facilitated  by  the  forced  convection 
in  the  melt.  Although  the  situation  is  not  clear  yet,  anodic  behavior  of  tungsten  seems 
important  in  designing  a  tungsten  electroplating  cell. 
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Table  I.  Chemical  potential  at  723K 


Substance 

Phase 

^“(kJ/moI)  at  723K 

CI2 

gas 

-168.9 

Ni 

solid 

-27.9 

NiCL 

solid 

-392.6 

Pt 

solid 

-35.9 

PtCl2 

solid 

-221.1 

W 

solid 

-29.1 

WCI2 

solid 

-372.1 

WCI4 

solid 

-616.0 

WCI5 

gas 

-732.9 

WCI, 

gas 

-829.2 
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Table  II.  Deposits  on  Ni  substrate  in  constant-potential  electrolysis 


Potential 

Deposit 

Crystal  structure  Atomic  percent  Zn* 

0.200  V 
0.250  V 
0.300  V 
0.350  V 
0.500  V 

r  -NiZn  alloy 
r  -NiZn  alloy 
^  i-NiZn  alloy 
iSj-NiZn  alloy 

No  deposits 

Body-centered  cubic 
Body-centered  cubic 
Tetragonal,  CuAu  type 
Tetragonal,  CuAu  type 

73-85  % 
73-85  % 
45-52  % 
45-52  % 

♦Estimated  from  the  phase  diagram  in  Ref.  10 


Table  III.  Logarithm  of  activity  of  zinc  in  Ni-Zn  alloys  and  the 
corresponding  equilibrium  potential  E  in  the  ZnClj-NaCl  (60-40  mol  %) 
melt  at  450°C 


Phase 

E(V)** 

0.0507 

a 

-10.125 

0.545 

0.1005 

a 

-9.125 

0.514 

0.1502 

a 

-8.612 

0.498 

0.2493 

a 

-7.332 

0.458 

0.2890 

a 

-6.1K1 

0.441 

0.4575 

-6.787 

0.441 

0.4750 

-6.197 

0.423 

0.4900 

/3 

-5.452 

0.400 

0.5000 

0 

-3.978 

0.354 

0.5190 

0 

-2.201 

0.299 

0.7390 

7 

-2.201 

0.299 

0.8020 

7 

-1.534 

0.278 

0.8260 

7 

-0.963 

0.260 

0.8380 

7 

-0.786 

0.254 

0.8500 

7 

-0.155 

0.235 

1 

pure  Zn 

0.000 

0.230 

♦Mole  fraction  of  zinc  in  alloy 

♦♦Obtained  from  vapor  pressure  measurements  (12) 

♦♦♦Referred  to  the  potential  of  zinc  in  ZnClz-NaCls, 


Table  IV.  Deposits  on  Pt  substrate  in  constant-potential  electrolysis 


Potential 

Deposit 

Crystal  stmcture 

Atomic  percent  Zn^ 

0.200  V 

7  -PtZn  alloy 

Cubic 

77-81  % 

0.250  V 

7  -PtZn  alloy 

Cubic 

77-81  % 

0.300  V 

7  i-PtZn  alloy 

Cubic 

74-76  % 

0.350  V 

8  -PtZn  alloy 

Tetragonal,  CuAu  type 

32-50  % 

0.400  V 

8  -PtZn  alloy 

Tetragonal,  CuAu  type 

32-50  % 

♦Estimated  from  the  phase  diagram  in  Ref.  10 
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Fig.  1  Cyclic  voltammogram  of  a  glassy  carbon  electrode  in  a  ZnCi2-NaCl  (60-40  mol 
%)  melt.  Temperature,  450°C;  scan  rate,  0.05  V/s. 


Fig.  2  Cyclic  voltammograms  of  a  nickel  electrode  in  a  ZnCl2-NaCl  (60-40  mol  %) 
melt.  Temperature,  450°C;  scan  rate,  (a)  0.2,  (b)  0,05,  (c)  0.05,  (d)  0.2  V/s. 
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2  e/deg. 

Fig.  3  X-ray  diffraction  patterns  of  deposits  obtained  in  constant-potential  electrolysis 
on  nickel  substrates.  Potential,  0.250  V  vs.  RE;  amount  of  electricity,  (a)  10,  (b) 
25,  (c)  50  C/cml  O,  Ni;  other  peaks,  7  -NiZn. 


Potential  /  V  vs.  Zn  in  ZnCl2-NaCl5ai, 

Fig.  4  Alloy  composition-potential  relationship  and  cyclic  voltammograms  of  the  nickel 
electrode  in  a  ZnClj-NaCl  (60-40  mol  %)  melt.  Temperature,  450°C. 
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Fig.  5  Cyclic  voltammograms  of  a  platinum  electrode  in  a  ZnCl2-NaCl  (60-40  mol  %) 
melt.  Temperature,  450°C;  scan  rate,  0.05  V/s. 


V  vs.  Zn  in  ZnCl2-NaClsai 

Fig.  6  Cyclic  voltammograms  of  a  W  electrode  in  a  ZnCl2-NaCl  (60-40  mol  %)  melt. 
Temperature,  450°C;  scan  rate,  0.05  V/s. 
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Fig.  7  Cyclic  voltammograms  of  a  rotating  tungsten  disk  electrode  in  a  ZnCl2-NaCl 
(60-40  mol  %)  melt.  Temperature,  450°C;  scan  rate,  0.002  V/s;  with  (i) 
increasing  and  (H)  decreasing  potential. 
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A  NEW  EXPERIMENTAL  APPROACH  TO  MEASURE  ELECTRICAL 
CONDUCTIVITY  OF  MOLTEN  FLUORIDE  ELECTROLYTES 

Xiangwen  Wang  and  Ray  D.  Peterson 

3326  East  Second  Street 
Manufacturing  Technology  Laboratory 
Reynolds  Metals  Company 
Muscle  Shoals,  AL  35661-1258 


Abstract 


A  method  was  developed  for  measuring  the  electrical  conductivity  of  highly 
corrosive  cryolite-based  electrolytes  and  other  molten  fluoride  systems.  A 
pyrolitic  boron  nitride  tube  with  a  constant  diameter  was  used  to  a  construct 
conductivity  cell,  which  in  conjunction  with  a  movable  Pt-disc  electrode 
constitutes  an  unique  conductivity  cell  system.  The  electrical  conductivity  was 
determined  from  measuring  a  set  of  cell  resistance  versus  a  programmed  linear 
variation  of  cell  constant.  The  method,  independent  of  the  applied  frequency  and 
wiring  contact  resistance,  was  demonstrated  to  have  distinct  advantages  over 
classic  techniques  in  measuring  the  electrical  resistance  of  highly  corrosive  fused 
fluoride  electrolytes. 


Electrochemical  Society  Proceedings  Volume  96-7 


254 


Introduction 


Electrical  conductivity  of  molten  salts  has  been  one  of  the  fundamental  research 
areas  in  molten  salt  physical  chemistry.’ Because  of  its  theoretical  and  technical 
importance,  the  electrical  conductivity  of  molten  fluoride  systems  has  also  received 
intensive  attention  in  the  past  research.’^  *“  ’’  The  molten  fluoride  system  has  several 
unique  qualities,  i.e,,  high  melting  temperature,  high  conductivity,  and  high 
corrosiveness  to  most  commonly  used  materials  which  the  conductivity  cells  are 
constructed  with.  These  qualities  require  special  experimental  techniques  to  accurately 
determine  the  electrical  conductivity  of  the  fused  fluoride  systems.’*’  Measuring  the 
electrical  conductivity  of  a  molten  fluoride  system  can  therefore  be  rephrased  as  a  search 
for  proper  techniques  and  suitable  materials  to  construct  the  conductivity  cells.’^’’®’ 

A  shortcoming  associated  with  the  traditional  techniques  in  measuring  electrical 
conductivity  of  molten  salts  is  the  dependence  of  the  cell  resistance  on  the  applied 
frequency  of  the  measuring  current.  Lack  of  proper  materials  also  limited  construction 
of  a  high  cell-constant  conductivity  cell  which  could  counter  the  highly  corrosive  nature 
and  high  conductivity  of  the  melts.  A  number  of  articles  have  been  published  which 
have  critically  reviewed  experimental  techniques  and  electrical  conductivity  results.’^’’’*’ 
A  comprehensive  survey  for  the  measurements  of  the  electrical  conductivity  in  the 
molten  fluorides  was  published  by  Robins.’"'’  Most  measurements  had  been  carried  out 
either  by  using  high  cell-constant  capillary-type  cells  which  were  made  either  from  hot 
pressed  boron  nitride  or  from  single-crystal  magnesium  oxide,’"’  or  were  made 

by  using  low  cell-constant  cells  which  made  of  platinum’"’  and  Pt-Rh’"’  alloys.  Due  to 
either  the  limitation  of  the  materials  or  experimental  techniques,  the  reported  results  of 
the  electrical  conductivity  bear  a  degree  of  uncertainty. 

Significant  progress  has  been  seen  both  in  the  availability  of  advanced  materials 
for  conductivity  cells  and  in  experimental  technique  development  for  fused  fluoride 
systems.  A  pyrolitic  tube-type  conductivity  cell  was  reported  for  use  in  measuring 
electrical  conductivity  of  cryolitic  electrolytes.”"’  This  material  is  immune  to  the  molten 
fluoride  attack  and  has  a  high  thermal  stability.  The  small  inner  diameter  of  the  tube 
offers  a  greater  cell  constant.  However,  since  a  graphite  crucible  was  used  to  hold  a 
relatively  small  amount  of  fused  electrolyte,  it  was  difficult  to  hold  the  composition 
constant.  Also,  the  technique  did  not  overcome  the  applied  frequency  effect  as  in  the 
conventional  methods. 

Investigation  of  the  electrical  conductivity  is  important  to  industries  producing 
metals  through  electrolytic  processes.  More  reliable  data  would  help  the  aluminum 
industry  by  allowing  us  to  predict  with  greater  certainty  those  areas  of  the  cryolitic 
system  which  may  improve  smelter  efficiency.  Consequently,  old  literature  data  has  to 
be  experimentally  reviewed  and  new  data  pnerated.  On  the  other  hand,  the  availability 
of  state-of-the-art  engineering  material  which  can  resist  the  highly  corrosive  environment 
of  the  fused  fluorides,  make  it  possible  to  construct  reliable  conductivity  cells.  These 
aspects  provided  us  an  opportunity  to  develop  new  techniques  for  electrical  conductivity 
measurements. 
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This  paper  presents  an  experimental  approach  designed  for  measuring  electrical 
conductivity  of  fused  fluoride  salts.  Unlike  the  traditional  methods,  the  present 
technique  uses  the  principle  of  linearly  varying  the  cell  constant  and  at  the  same  time, 
continuously  measuring  the  circuit  resistance  to  determine  the  conductivity.  The  newest 
commercially-available  material  was  used  to  construct  the  conductivity  cell  to  counter 
the  salt  corrosion  attack.  The  technique  also  employs  a  relatively  large  electrolyte  pool 
to  minimize  variation  in  the  electrolyte  composition  during  measurements.  The 
measured  electrical  conductivity  is  independent  of  the  applied  frequency  and  the  effect  of 
wire  contact  resistance. 


Theoretical  Background 

In  the  measurement  of  electrical  conductivity,  the  total  impedance  of  the  circuit 
may  be  expressed  by: 

Z  =  R„.  +  Xl  +  Xc  (1) 

where  Z  is  the  impedance  of  the  circuit,  R„  is  the  real  component  (resistance)  of  the 
circuit,  Xl  is  the  inductive  component  of  the  impedance,  and  Xc  is  the  capacitive 
component  of  the  impedance.  The  real  component  of  the  impedance,  R„„  is  of  interest  in 
this  study  and  it  may  be  expressed  as  follows; 

R„,  =  Ro  +  R/+AR  (2) 

where  Ro  is  the  ohmic  resistivity  of  the  electrolyte,  Kj  is  the  polarization  resistance  of 
the  electrolyte,  and  AR  is  the  contact  resistance  between  wires  and  electrodes.  Equation 
(2)  may  be  also  expressed  as: 

Rm  =  r-|+F(/)+AR 

where  y  is  specific  resistivity  of  electrolyte.  L  is  the  length  of  conductivity  cell,  S  is  the 
cross-sectional  area  of  the  conductivity  cell,  and  /  is  the  applied  frequency.  The 
specific  resistivity,  y,  equals  the  reciprocal  of  the  specific  electrical  conductivity,  k. 


The  traditional  methods  (either  high  or  low  cell-constant  conductivity  cells)  have 
been  based  on  applying  very  high  frequencies.  At  a  sufficiently  high  frequency,  the 
polarization  resistance  of  the  electrolyte,  R/,  which  is  usually  a  function  of  1//,  decreases 
to  a  minimal  value  and  can  be  omitted  when  compared  with  the  magnitude  ofRo: 
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(5) 


Rf=k/*‘^^^0  as/^a? 

The  principle  of  the  current  technique  is  based  on  a  continuously  varying  cell- 
constant,  and  at  the  same  time  measuring  the  real  component  of  the  circuit,  Rn,,  at  a 
fixed  frequency.  Continuously  varying  the  cell-constant  is  realized  by  linearly  varying 
the  length  of  the  conductivity  cell,  L,  while  keeping  the  cell  cross-sectional  area,  S, 
constant.  Differentiation  of  equation  (3)  with  respect  to  L  and  substituting  in  equation 
(4),  will  result  in: 


(6) 

dL  k  S 

The  polarization  resistance,  Rf,  and  the  contact  resistance,  AR  are  constants  and 
are  independent  of  L,  Thus  by  measuring  R^  while  linearly  varying  L,  the  electrical 
conductivity  of  the  electrolyte,  k,  can  be  obtained  from: 

K-=i/[s-^]  <y) 

oL 

The  electrical  conductivity,  derived  from  equation  (7)  through  a  set  of  precisely 
measured  cel!  distance  increments,  is  free  of  the  effects  of  applied  frequency  and  wire 
contact  resistance. 


Experimental 


1.  Conductivity  Cell  Design 

The  system  assembly  is  shown  in  Figure  1,  A  graphite  crucible  was  used  as  a 
molten  electrolyte  reservoir.  It  had  3.0  cm  inner  diameter  (I  D.)  and  was  able  to  hold 
over  100  grams  of  electrolyte  sample.  The  graphite  crucible  was  also  used  as  a  counter 
electrode  which  was  connected  to  a  LCR  Impedance  Meter  via  a  thermocouple  Inconel 
protection  sheath.  The  thermocouple  was  screwed  into  the  wall  of  the  graphite  crucible 
and  was  used  to  monitor  the  bath  temperature.  The  graphite  crucible  also  had  a  3.8  cm 
ID.  concentric  positioning  hole  at  the  open  end  for  centering  the  pyrolitic  BN  tube-type 
conductivity-cell.  The  tube-type  conductivity-cell  was  centered  vertically  in  the  graphite 
crucible  by  a  BN  disc  which  fit  in  the  bigger  diameter  hole  of  the  graphite  crucible. 

A  schematic  of  the  conductivity  cells  used  in  the  tests  is  shown  in  Figure  2.  The 
pyrolitic  BN  tube  with  a  consistent  ID.  was  obtained  from  Union  Carbide.  The  material 
was  dense  and  electrically  non-conductive.  It  was  also  able  to  resist  the  corrosion  attack 
by  the  molten  fluorides.  One  end  of  the  tube  was  fixed  on  a  BN  disc  holder  through  the 
center.  A  Inconel  rod  was  connected  to  the  BN  disc  via  threads.  At  least  5.5  cm  of  the 
tube  was  immersed  in  the  molten  electrolyte  during  the  measurement.  A  Pt  disc 
electrode  was  connected  to  0.16  cm  Pt  wire  by  threads.  The  other  end  of  the  Pt  wire 
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was  also  threaded  to  connect  with  a  0.64  cm  Inconel  rod  which  was  then  connected  to 
the  arm  of  a  positioner  for  the  test.  The  Pt  rod  was  covered  with  a  BN  insulating  tube. 


Figure  1  Schematic  view  of  the  electrical  conductivity  measurement  system  for  the 
fused  fluoride  systems. 

The  electrode  positioner  used  in  this  study  was  an  Unidex  Model  XI  from 
AeroTech,  which  was  vertically  mounted  on  a  vibration-free  stand.  It  could  vertically 
move  the  Pt-disc  electrode  in  the  conductivity-cell  with  a  positional  accuracy  of  ±  0.001 
cm  via  the  extension  arm.  The  positioner  was  controlled  by  a  programmable  position 
controller. 

An  Electro  Scientific  Industries  SP2596  impedance  Meter  with  a  fixed  frequency 
of  1  kHz  was  used  in  most  of  the  tests.  All  three  components  of  the  measuring  circuit, 

1. e.,  real  component  (resistance),  capacity,  and  induction,  could  be  measured.  In  the 
Study  of  the  frequency  effect,  a  HP  4274 A  Multifrequency  LCR  meter  was  employed. 
The  LCR  meter  had  a  frequency  range  from  100  Hz  to  100  kHz  with  11  intervals  and 
measured  resistance  from  milliohms  to  megohms  with  5  significant  digits. 

2.  Experimental  Procedures 

2.1  Calibration  of  Conductivity  Cell:  It  was  shown  in  equation  (7)  that  to  measure 
the  electrical  conductivity  of  an  electrolyte,  the  inner  cross-sectional  area,  S,  of  the  tube- 
type  cell  has  to  be  known.  For  the  pyrolitic  tube-type  conducdyity-cell,  its  cross- 
sectional  area  or  I.D.  is  determined  through  measuring  the  conductivity  of  a  1.00  Molar 
KCl  aqueous  solution  and  back  calculating  the  area  from  the  published  conductivity  data 
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at  ambient  temperatures. It  is  assumed  that  the  thermal  expansion  of  the  tube  I.D. 
due  to  an  increase  of  the  temperature  can  be  neglected  and  was  not  taken  into  account. 
This  was  verified  with  molten  KCl  at  780°C. 


^Pyrolytin  BN  Tube — 


Figure  2  Schematic  view  of  a  pyrolitic  BN  electrical  conductivity  cell  used  for 
fused  fluoride  systems. 

Calibration  or  determination  of  the  cell  inner  cross-sectional  area  was  conducted 
in  a  400  ml  Beaker.  An  Inconel  coil  was  placed  on  the  bottom  and  used  as  the  counter 
electrode.  The  fabricated  tube-type  cell  was  centrally  suspended  in  the  KCl  solution  via 
a  clamp.  The  Pt  electrode  was  centered  in  the  cell  through  the  positioner  arm.  Then  the 
resistance  versus  the  distance  the  Pt  electrode  moved  was  recorded.  After  completing 
the  calibration,  the  conductivity  cell  and  Pt  electrode  were  fully  rinsed  with  distilled 
water  before  being  put  into  a  1 10°C  oven  for  over-night  drying. 

2.2  Electrical  Conductivity  Measurement:  A  pre-treated  graphite  crucible  loaded 
with  about  100  grams  of  electrolyte  sample  was  placed  in  a  temperature  stabilized 
furnace.  Once  the  electrolyte  sample  was  melted,  the  tube-type  conductivity-cell  with  its 
support  was  positioned  on  the  graphite  crucible  via  the  Inconel  rod.  About  5.5  cm  of 
pyrolitic  tube  was  immersed  in  the  molten  bath.  Then  the  Pt-disc  electrode  was  carefully 
loaded  into  the  furnace  and  centered  in  the  conductivity  cell  via  the  Inconel  rod,  which 
was  then  fixed  on  the  positioner's  arm.  The  Pt-disc  electrode  was  moved  down  and 
immersed  in  the  molten  bath  by  the  position  controller.  The  electrode  position  on  the 
surface  of  the  bath  electrolyte  was  determined  by  the  resistance  reading  suddenly 
becoming  unmeasurable  (Pt-disc  electrode  out  of  the  electrolyte)  when  the  electrode 
was  moved  up.  Once  the  bath  temperature  was  stabilized,  the  measurement  began  by 
moving  down  the  Pt-disc  electrode  via  the  positioner  one  step  at  a  time.  The  movement 
of  the  Pt-disc  electrode  in  the  conductivity  cell  was  incremented  by  0.2000  cm  per  each 
step.  One  set  of  measurements  was  made  when  the  electrode  was  moved  in  the 
conductivity  cell  from  the  just  below  the  surface  of  the  bath  to  the  lower  open  end  of  the 
conductivity  cell  and  another  set  was  made  by  moving  back  up.  At  least  two  sets  of  the 
measurements  were  conducted  for  each  experimental  condition,  i.e.,  one  bath 
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composition  at  one  desired  temperature.  The  measured  values  were  same  when  the 
electrode  was  moved  either  up  or  down.  Electrolyte  samples  were  taken  from  the 
crucible  for  compositional  analysis  after  measurement  of  each  experimental  condition. 

Results  and  Discussion 
1.  KCI  Aqueous  Electrolyte 

Two  representative  sets  of  resistance  versus  Pt-disc  electrode  moved  distance  in 
the  1.0  M  KCI  solution  at  ambient  temperature  are  shown  in  Figure  3.  The  results  were 
used  to  determine  the  conductivity-cell  I.D.  by  referring  to  the  literature  data  for  KCI 
solutions**'^’.  The  correlation  coefficient,  R-square,  between  the  resistance  and  the 
distance  moved  had  a  value  higher  than  0,9999  for  both  sets  of  data.  This  high 
correlation  coefficient  means  a  high  accuracy  for  the  conductivity  value  of  the 
electrolyte.  The  linear  iunction  verified  the  feasibility  of  the  continuously-vaiying  cell- 
constant  method. 


Figure  3  Electrical  resistance  versus  the  distance  moved  by  the  Pt-disk  electrode  in 
the  conductivity  cell  for  l.OM  KCI  electrolyte. 


2.  Molten  NaCl  and  KCI 

Molten  NaCl  and  KCI  systems  were  selected  for  the  evaluation  of  the  technique 
for  higher  temperature  applications.  Molten  NaCl  has  a  relatively  high  electrical 
conductivity  (3.65  S  crn'l  at  815°C'"^)  and  is  ideal  for  use  in  evaluating  this 
measurement  technique.  Molten  KCI  has  an  electrical  conductivity  value  (2.25  S  cm 
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at  800®C'’^^)  closer  to  most  fused  fluoride  systems  such  as  cryolitic  electrolyte  used  in 
aluminum  production. 

Figure  4  shows  two  of  four  sets  of  measurements  conducted  in  pure  KCl.  A 
close-to-perfect  linear  relationship  was  obtained  between  the  circuit  resistance  and  the 
distance  moved  by  the  electrode.  The  results  of  the  electrical  conductivity  measurement 
for  molten  NaCl  and  KCl  are  presented  in  Table  I. 


Figure  4 


°  0  2  4  6  8  10 

Distance  Moved  by  Pt  electrode  (cm) 


Electrical  resistance  versus  distance  moved  by  the  Pt  electrode  in  the 
conductivity  cell  for  molten  KCl. 

Table  I.  Electrical  Conductivity  of  Molten  NaCI  and  KCl 


Test  Set 

Lin.  Rgrn. 
r2 

Slope 

(Ohmcm"^) 

Electrical  Conductivity 
Measured  Reference 
(Scm')  (Scm') 

Temperature 

_ CQ _ 

NaCl 

Down  1st 

0.9998 

0.4214 

3.8162 

3.6722 

821.4 

Down  2nd 

0.9999 

0.4192 

3.8368 

3.6714 

821.1 

Up  1st 

0.9997 

0.4232 

3.8003 

3.6714 

821.1 

Up  2nd 

0.9994 

0.4223 

3.8081 

3.6712 

821.0 

KCl 

Down  1st 

0.9999 

0.7248 

2.2188 

2.2129 

790.7 

Down  2nd 

0.9997 

0.7267 

2.1231 

2.2087 

789.1 

Up  1st 

0.9999 

0.7139 

2.2528 

2.2126 

790.6 

Up  2nd 

0.9999 

0.7225 

2.2259 

2.2065 

788.3 

The  measured  electrical  conductivity  is  higher  by  an  average  of  4.9%  than  the 
literature  values  for  the  pure  NaCl  at  the  temperatures  measured,  even  though  the 
correlation  between  the  resistance  recorded  and  the  distance  moved  by  the  electrode  is 
over  0.999.  The  error  may  be  attributed  to  the  possible  impurities  in  the  NaCl  used.  For 
the  pure  KCl,  the  average  error  is  only  0.79%  when  compared  with  the  literature  values. 
The  error  is  much  lower  than  that  for  the  molten  NaCl.  It  should  also  be  noted  that  the 
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equation  from  the  literature  has  ±1%  uncertainty.  From  the  high  correlation  coefficient 
(R^  >0.999),  and  close  match  to  literature  data,  it  can  be  concluded  that  this  technique 
can  be  used  with  high  accuracy  for  measuring  electrical  conductivity  of  molten  salts. 

Figure  5  shows  the  measured  electrical  conductivity  of  KCl  as  a  function  of 
temperature.  Literature  data  are  also  provided  for  comparison.  Again,  less  than  1.0% 
relative  error  was  obtained  for  all  of  the  data  points  in  the  temperature  range.  The 
literature  data  were  calculated  by  a  regression  equation  which  has  a  ±1%  uncertainty  for 
quite  a  large  temperature  range.  The  system  proved  to  be  sensitive  to  the  temperature 
changes  of  the  KCl  bath. 


Figure  5 


Temperature  (C) 


Electrical  conductivity  of  KCl  as  a  function  of  electrolyte  temperature. 


3.  Frequency  Effect 


To  examine  the  possible  frequency  effect,  a  series  of  frequencies  from  100  Hz  to 
100  kHz  were  applied  and  the  corresponding  resistance  readings  were  recorded  for  each 
step  of  movement  by  the  Pt-disc  electrode.  The  tests  were  conducted  in  four  types  of 
electrolytes: 

•  PureKClat818°C; 

•  Pure  cryolite  (NasAlFs)  at  1022°C; 

•  Cryolitic  melt  with  a  molar  ratio  (MCR=NNaF/NA]F3)  equal  to  2.2  containing  3.0 
%  AI2O3,  and  5 . 0  %  CaF2  at  959°C; 

•  Cryolitic  melt  with  MCR=  2.5  containing  3.0  %  AI2O3,  3.0  %  LiF,  4.0  %  CaF2, 
and  2.0  %  MgF2  at  959°C. 

Figure  6  shows  the  test  results  in  a  cryolitic  melt  with  MCR  equal  to  2.5 
containing  3.0  %  AI2O3,  3.0  %  LiF,  4.0  %  CaF2,  and  2.0  %  MgF2  at  945°C.  At  all  the 
testing  frequencies,  the  resistance  of  the  measuring  circuit  responded  linearly  with  the 
distance  moved  by  the  electrode.  When  the  test  frequency  was  increased,  the  resistance 
non-linearly  decreased  (shifted  downward),  but  the  slopes  remained  parallel.  The 
changing  resistance  of  the  measuring  electrolyte  as  a  function  of  test  frequency  has  been 
reported  in  the  literature. To  overcome  this  resistance  dependence  on  the  applied 
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frequency,  traditional  techniques  extrapolate  the  frequency  to  an  infinite  value  or  use  a 
sufficiently  high  frequency  in  order  to  obtain  an  accurate  electrical  conductivity. 


Figure  6  Electrical  resistance  reading  versus  distance  moved  by  the  Pt  electrode  in 
the  conductivity  cells  when  varying  frequency.  Cryolitic  electrolyte: 
MCR=2.5  with  3,0%  AI2O3,  3.0%  LiF,  4.0%  CaF2,  and  2.0%  MgF2  at 
945^C. 

A  very  important  aspect  shown  in  Figures  6  is  that  the  slopes  of  the  resistance 
versus  the  distance  moved  by  the  electrode  are  same  and  independent  of  the  applied 
frequencies.  The  same  behavior  was  obtained  for  all  four  molten  salts.  Our 
experimental  technique  uses  the  slope  to  derive  electrical  conductivity  rather  than  a 
single  resistance  reading  at  a  high  applied  frequency.  And  the  very  same  slope  implies 
the  same  derived  electrical  conductivity  value  no  matter  what  frequency  is  employed  in 
the  measurement. 

Figure  7  shows  the  typical  resistance  responses  for  the  four  electrolytes  at  an 
electrode  distance  of  3.6  cm  when  the  applied  frequency  was  increased  from  100  Hz  to 
100  kHz.  When  the  frequency  increased,  the  resistance  readings  tended  to  decrease  to 
constant  values  as  the  polarization  resistance  Rf  decreased  to  zero.  It  is  also  shown  in 
Figure  7  that  the  resistance  of  the  molten  chloride  salt  KCl  was  the  most  frequency- 
dependent  while  the  pure  cryolite  was  the  least  dependent.  For  pure  cryolite,  its 
electrical  conductivity  at  100  kHz  was  measured  to  be  2.756  S-cm'l,  which  agrees  with 
the  accepted  literature  value.*^^  However,  its  apparent  electrical  conductivity  value  at 
1.0  kHz  was  measured  to  be  2.305  S-crn'l,  only  83.6%  of  its  accepted  conductivity 
value. 
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Test  Frequency/kHz 

Figure  7  Effect  of  applied  frequency  on  the  resistance  readings  for  electrolytes 
with  varied  electrical  conductivity.  Cell  constant  L=3.6  cm. 

Figure  8  shows  the  conductivity  results  as  a  function  of  the  applied  frequency. 
Lines  in  the  graph  represents  the  average  electrical  conductivity.  No  variations  of  the 
conductivity  values  were  observed  versus  the  applied  frequencies  from  100  Hz  to  100 
kHz.  This  proves  that  the  technique  is  independent  of  the  applied  frequency  unlike  the 
conventional  methods. 


Test  Frequency  (kHz) 

Figure  8  The  measured  electrical  conductivity  of  electrolytes  when  varying  applied 
frequency. 

5.  Applications 

The  present  technique  was  specially  designed  for  measuring  electrical 
conductivity  of  cryolitic  melts  even  though  it  can  be  used  for  other  Rised  fluoride 
systems.  It  can  be  used  for  all  types  of  electrolytes  from  aqueous  at  ambient 
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temperatures  to  molten  salts  at  high  temperatures.  It  has  proved  to  be  efficient  and 
accurate  in  measuring  electrical  conductivity. 

Figure  9  shows  the  results  of  the  electrical  conductivity  measurements  for 
analytically  pure  cryolite  (99.5%)  as  a  Rmction  of  temperature  in  the  range  from  1020  to 
lOTO^’C.  Some  literature  data  are  also  presented  in  the  Figure. 

As  seen  from  the  Figure  9,  the  measured  electrical  conductivity  increased  from 
2  82  S-cm"’  at  1020°C  to  2.98  S*cm'‘  at  1070°C,  which  agrees  with  that  reported  by 
Yim  and  Feinleib,'"^  Matiasovisky  et  al,''*^  and  Edward.'*’  Other  literature  data  for  pure 
cryolite  conductivity  are  quite  scattered  from  very  high  values  around  3.4  S-cm’  by 
Batashev’'^’  to  low  values  around  2.7  S-cm*'  as  reported  by  Abramov.'  |  The  commonly 
accepted  value  for  the  pure  cryolite  conductivity  is  around  2.8  S-cm  as  reported  by 
Yim  and  Feinleib.'^’ 


Figure  9  Electrical  conductivity  of  pure  cryolite  as  a  function  of  temperature. 

Figure  10  presents  an  example  of  the  LiF  concentration  effect  on  conductivity  in 
cryolitic  melts.  The  base  electrolyte  was  started  with  weight  cryolite  ratio  (WCR)  and 
bath  ratio  (BR)  equal  to  1.44  in  a  melt  containing  5.0  %  CaF2  and  3.0  %  AI2O3.  A 
discussion  of  WCR  and  BR  as  used  in  the  aluminum  industry  can  be  found  in 
Richards.'^”  The  effect  of  the  LiF  addition  on  the  conductivity  was  measured  under 
both  constant  bath  temperature  and  constant  superheat. 

The  electrical  conductivity  of  the  base  electrolyte  was  measured  to  be  2.5716 
S-cm'‘  at  985‘^C  and  2.5880  S-cm'^  at  992.8°C.  At  WCR  =1.44,  when  the  LiF 
concentration  increased  up  to  8.0  %,  the  conductivity  correspondingly  increased  up  to 
2.9458  S-cm'\  a  14.6%  of  increase  from  the  base  electrolyte  at  an  isothermal 
temperature  of  985°C.  For  the  same  LiF  concentration  increase,  only  about  3.2% 
increase  in  the  conductivity  over  the  base  electrolyte  was  observed  at  15°C  superheat 
above  the  solidus  temperature.  For  the  cryolitic  electrolytes  maintained  at  BR=1.44 
(which  was  achieved  by  addition  of  AIF3).  no  variation  of  the  electrical  conductivity 
values  was  observed  at  the  isothermal  temperature  of  985°C  while  a  7.1%  decrease  in 


Electrochemical  Society  Proceedings  Volume  96-7 


265 


electrical  conductivity  was  measured  at  15°C  superheat  when  the  LiF  concentration 
increased  from  0  to  8.0  %.  These  conductivity  results  helped  us  to  understand  and 
adjust  bath  chemistry  of  Hall  cells  for  the  purposes  of  maximizing  current  efficiency  and 
minimizing  energy  consumption  in  conjunction  with  other  physicochemical  parameters. 


Figure  10  Measured  electrical  conductivity  of  cryolitic  electrolytes  as  a  function  of 
LiF  concentration. 


Summary 

Development  of  the  present  technique  takes  advantage  of  pyrolitic  BN  material 
for  the  conductivity  cells.  In  conjunction  with  a  high-precision  positioner  which  controls 
the  Pt-disc  electrode  movement  in  the  conductivity  cell,  the  technique  measures  the 
electrical  conductivity  by  determining  the  slope  of  the  resistance  of  the  measuring  circuit 
versus  the  linear  cell-constant  variation.  The  technique  was  specially  desiped  for 
conductivity  measurements  in  fused  fluoride  systems  which  can  cause  difficulties  when 
using  conventional  techniques.  The  technique  was  tested  with  aqueous  electrolytes  and 
high  temperature  molten  chloride  salts.  It  was  then  used  for  the  high  temperature 
cryolitic  electrolytes.  Important  findings  from  this  work  include; 

1.  The  electrical  conductivity  of  high  temperature  electrolytes  can  be  determined 
through  the  slope  of  a  set  of  resistance  versus  a  linear  cell-constant  variation. 

2.  The  measured  conductivity  value  is  independent  of  the  test  frequency  and 
measuring  circuit  contact  resistance. 

3.  Pyrolitic  BN  material,  which  resists  the  corrosive  attacks  by  high  temperature 
fused  fluoride  salts,  was  employed  to  construct  electrical  conductivity  cells. 

4.  A  relatively  large  amount  of  electrolyte  pool  insures  the  electrolyte  composition 
remains  unchanged  during  the  conductivity  measurement. 
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5.  The  technique  was  successfully  used  for  the  measurement  of  electrical 
conductivity  in  cryolitic  systems.  The  technique  verified  reported  literature 
values  and  generated  new  data  for  modem  bath  chemistries  used  in  Hall  cells. 
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ABSTRACT 

In  this  paper,  an  electrochemical  methodology  is  attempted  for  the  quantitative  analysis 
of  molten  fluoride  solutions,  used  for  the  electrodeposition  of  refractory  metals  (Ta,  Nb). 
Both  oxidation  state  of  the  bath  and  oxygenated  compounds  degree,  critical  for  the  issue  of 
the  process  may  be  measured  by  square  wave  voltammetry  rather  than  cyclic  voltammetry. 
Firstly  the  accuracy  and  the  sensitivity  of  the  method  are  evidenced  in  the  case  of  Ta 
electrodeposition  bath.  Further  a  titration  method  of  tetravalent  niobium  ions  is  performed, 
using  the  statement  of  the  mass  balance  of  niobium  species  after  each  addition  of  solute. 

INTRODUCTION 


Refractory  metals  (namely  Ta,  Nb,  Ti,  Zr,  Hf...)  are  now  of  great  importance  in  various 
fields  of  high  technology  owing  to  their  attractive  surface  properties  (1);  their  high  cost  often 
leads  to  expect  their  use  only  as  thin  coatings  on  usual  materials. 

Among  the  main  techniques  available  for  surface  coatings,  electrodeposition  in  molten 
salts  can  be  considered  as  suitable  for  industrial  processing:  classically,  the  electrodeposition 
is  performed  in  molten  alkaline  fluorides,  containing  electroactive  ionic  compounds 

(K2TaF7.  K2TiF6...)  (2).  .  ^  ^  , 

The  management  of  the  industrial  process  requires  an  efficient  tool  for  the  on-line  control 
of  the  electrolyte  composition,  specially  concerning  the  following  points:(i)  the  oxidation 
state  of  polyvalent  ions  (Nb,  Ti  ions...);  (ii):  the  content  of  low  valency  metal  ions 
producing  the  coating;  (iii):  the  content  in  oxycomplexes  which  has  to  be  as  low  as  possible. 

Preferable  to  the  spectroscopic  methods,  electrochemical  ones  and  particularly  Square 
Wave  Voltammetiy  (SWV)  are  available  for  analysis  of  high  temperature  ionic  liquids  (3,4). 
SWV  was  attempted  in  this  work  for  the  titration  of  Ta  and  Nb  electrodeposition  baths. 


EXPERIMENTAL  PART 
The  cell: 

The  electrolysis  cell  has  been  described  in  detail  in  a  earlier  paper  (5). 

The  electrolytic  bath  consisted  of  an  eutectic  mixture  of  LiF-NaF  (60-40%  m/m) 
initially  dehydrated  by  heating  in  a  vacuum  (2x10-2  mmHg)  up  to  the  melting  point 
(650°C).  Fusion  was  performed  in  a  neutral  argon  atmosphere  (U  quality)  and  then  the 
bath  was  raised  to  the  working  temperature  of  780°C. 

The  Nb  and  Ta  ions  were  introduced  into  the  bath  in  the  form  of  pellets  of  respectively 
NbCls  and  K2TaF7.  The  oxyfluoride  compounds  were  prepared  in  situ  by  means  of 
controlled  additions  of  sodium  oxide,  Na20.  All  the  additions  were  made  via  an  argon 
atmosphere  lock. 
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The  electrodes: 

The  analytical  electrochemical  techniques  used  (cyclic  and  square  wave  voltammetry) 
require  a  three-electrode  set-up: 

-  the  working  electrode  was  a  tungsten  wire  with  a  diameter  of  1  mm,  plunged 
approximately  1  cm  into  the  bath. 

-  the  reference  electrode  was  a  wire  with  a  diameter  of  1  mm,  plunged  into  the  molten 
solution.  Tungsten  was  used  in  the  case  of  niobium  solutions,  and  tantalum  was  used  in 
the  case  of  tantalum  solutions.  The  first  electrode  acts  as  a  Nb^/Nb^^  red  ox  electrode, 
whereas  the  second  is  indicative  of  Ta^/Ta  system. 

-  the  auxiliary  electrode  was  a  rod  of  vitreous  carbon  (Carbone  Lorraine,  V25  quality) 
with  a  diameter  of  3  mm,  with  an  immersed  surface  area  of  more  than  2  cm2. 

The  electrochemical  analysis  methods: 

For  a  first  qualitative  approach  we  used  cyclic  voltammetry;  then  for  quantitative 
analysis  the  square  wave  voltammetry  (SWV)  technique  was  proved  to  be  preferable. 

This  technique  gives  for  each  electrochemical  reaction  a  peak  shaped  signal  modeled  by 
Ramaley  and  Krause  (6).  From  this  model,  we  recall  here  the  following  equations  adapted 
both  to  qualitative  and  quantitative  analysis  of  electrochemical  systems: 

(i)  the  width  of  the  half  peak  W1/2  depends  on  the  number  of  electrons  n  exchanged  and  on 
the  temperature.  According  to  Osteryoung  et  al  (7),  the  appropriate  equation  is: 


Wi/2=3.52--  (I) 
nr 

with  Wi/2  in  V;  R:  ideal  gas  constant  in  J.mol-i.K'i;  T:  absolute  temperature  (K);  F: 
Faraday  constant  (A.s.moL^). 

(ii)  the  peak  current  8ip  is  linear  with  the  concentration  of  the  electroactive  species  and  with 
the  square  root  of  the  frequency  f  according  to  the  equation: 


with 


(II) 


and  5lp  in  A;  AE  (V):  amplitude  of  the  square  wave  potential;  A:  surface  area  of  the 
electrode  (cm2);  q.  diffusion  coefficient  of  the  electroactive  species  (cm2.s-l).;  Cq:  Bulk 
concentration  of  the  electroactive  species  (mol.cm-2). 

In  the  case  of  a  multicomponent  system  with  interfering  waves,  the  resulting  differential 
current  5l(E)  is  formally  expressed  as  follows: 


8l(E)=i6lJpfj(E)  (IV) 

N  is  the  number  of  components  in  the  system,  fj(E)  is  a  function  that  depends,  in 
particular,  on  the  number  of  electrons  and  their  individual  equilibrium  potentials.  If  these 
parameters  are  not  known  precisely,  trial  and  error  fitting  of  the  values  has  to  be  performed 
to  match  the  model's  voltammogram  and  the  experimental  data.  In  this  way  it  is  possible  to 
separate  the  wave  components. 
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Instrumentation: 

The  square  wave  voltammograms  were  obtained  using  an  EGG  PAR  273  potentiostat 
controlled  by  a  microcomputer. 

For  cyclic  voltammetry,  an  EGG  PAR  371  potentiostat,  controlled  by  an  EGG  PAR  175 
signal  generator,  was  used.  It  was  connected  to  a  Kipp  and  Zonen  (Y,Y)  BD  plotting  table. 


RESULTS  AND  DISCUSSION 
Cyclic  voltammetry 

Fig  1  and  2  show  respectively  the  cyclic  voltammogram  of  K2TaF7  and  NbCls  in  molten 
LiF-NaF  in  the  750-850°C  temperature  range. 

Comment  of  fig.  1:  According  to  earlier  literature,  the  peak  noted  a  is  associated  with  the 
Ta  electrowinning  reaction  (8),  whereas  the  peak  b  is  produced  by  the  reduction  of  an 
oxyfluoride  compound,  generated  by  reaction  with  the  melt  of  very  active  oxide  ions 
remaining  in  the  molten  solution  after  the  fusion  process.  So,  the  following  reactions  are 
proposed  for  each  peak: 

a:  TaF^"  +  5e  — Ta  +  7  F"  (1) 

b:  TaOF^“  +  3e  TaO  +  5  F"  (2) 

Comments  on  fig.2:  The  dissolution  of  NbCls  in  the  fluoride  melt  gives  rise  to  the 
complexed  form,  NbFT^--  It  is  now  stated  that  the  reduction  of  pentavalent  niobium  ions  in 
molten  fluoride  media  proceed  in  two  successive  steps  (9,10): 


a:  NbF72-  +  le-  NbF73-  (3) 

b:  NbF73-  +  4e-  "  Nb +7  F'  (4) 

These  two  steps,  very  close  to  each  other  in  terms  of  potential  respectively  contribute, 
to  the  slow  increase  of  current  noted  a  and  the  peak  b  in  fig.2. 

The  third  event  on  this  figure  marked  by  c  was  attributed  to  the  reduction  of  a  niobium 
oxyfluoride,  according  to  reference  (11). 

NbOF52-  +  3e-  ^  NbO  +  5  F'  (5) 

The  preceding  results  are  thus  in  agreement  with  previous  papers  related  to  the 
reduction  mechanism  of  niobium  ions  in  molten  fluorides  but  they  don't  allow  the  titration 
of  each  specie  involved  in  this  system  to  be  performed,  since  the  waves  related  to  these 
species  are  greatly  interfering. 


Square  wave  voltammetry 

On  fig  3  and  4,  we  present  the  square  wave  voltammograms  of  the  respective  mixtures 
LiF-NaF-K2TaF7  and  LiF-NaF-NbCls  mixtures  in  the  same  range  of  temperature  and 
potential  as  fig.  1  and  2. 

The  deconvolution  of  the  overall  signal,  according  to  the  procedure  indicated  above 
(eq.  IV  and  following  comment)  allows  each  electrochemical  reaction  to  be  associated  on 
these  figures  to  a  gaussian  peak. 

Due  to  the  high  sensitivity  of  the  method,  any  variation  of  the  content  in  each 
electrochemical  specie  can  be  detected:  in  fig.5,  we  observe  the  consequence  on  the  SW 
voltammogram  of  fig.3,  of  the  addition  of  oxide  ions  in  the  form  of  Na20,  that  produces 
the  following  reaction: 
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TaF^“  +  02- 


TaOF^“  +  2F-  (6) 


The  mutual  evolution  of  peaks  a  and  b,  observed  on  fig.  5  is  consistent  with  the  shift^of 
reaction  (6)  in  the  right  sense,  respectively  decreasing  [laF,"  ]  and  increasing  [TaOFs  J, 
taking  into  account  the  linear  relationship  between  the  peak  current  and  the  content  in 
electroactive  species  (eq.  11) 

Quantitative  analysis  of  niobium  electrodeposition  baths. 

Chemical  analysis  of  niobium  electrodeposition  is  considered  to  be  somewhat 
complexe,  due  not  only  to  the  two  step  reduction  mechanism  of  Nb^  ions  (instead  of  one 
step  for  tantalum  system)  as  stated  above,  but  also  to  the  following  disproportionation 
reaction  occuring  in  the  transient  phases  after  each  change  in  composition  of  the  bath: 

4  NbFy'  +  Nb  +  7  F-  "  5  NbFy'  (7) 

In  order  to  prevent  this  reaction,  a  niobium  rod  must  be  kept  into  the  bath,  to  ensure 
that  the  content  in  pentavalent  ions  is  at  the  lowest  value. 

The  reaction  of  oxide  ions  on  Nb^  ions,  similar  to  equation  (6)  for  tantalum,  is 
expressed  as  below: 

NbF7'  +  02-  '  NbOF5‘  +  2F-  (8) 

Quantitative  analysis  of  this  system  has  to  take  into  account  the  shift  of  the  equilibrium 
(7)  and  (8)  when  compounds  such  as  NbCl5  and  /  or  Na20  are  introduced  in  the  melt. 

When  the  differential  current  peak  is  plotted  versus  the  niobium  content  in  the  bath  on 
fig.  6,  a  linear  relationship  is  observed  for  both  Nb^^^  peak  (curve  1)  and  NbOFj"  (curve 
2);  in  each  case,  the  straight  line  does  not  pass  through  the  origin,  that  can  be  explained 
by  the  initial  presence  of  oxide  ions  in  the  molten  salt  solvent. 

This  correction  of  intercept  of  curve  1  is  possible  if  we  assume  that,  when  Na20  is 
introduced  in  the  bath,  the  oxide  ions  react  with  Nb^  ions,  according  to  equation  (8).  So, 
using  the  dosed  addition  method,  the  initial  concentration  in  oxide  ions  and  consequently 
the  loss  of  niobium  in  the  form  of  oxifluoride  compound  can  be  estimated  (12). 

Afterwards,  the  slope  of  the  straight  line  (1)  has  to  be  corrected  since  only  one  part  of 
NbCls  introduced  is  converted  in  Nb^^  species  (cf  equation  7). 

It  is  possible  to  determine  the  equilibrium  constant  of  equation  (7),  using  the  difference 
in  potential  of  peaks  (a)  and  (b)  of  fig.  4,  related  to  the  respective  Nb^  and  Nb^  species, 
and  knowing  that  a  peak  potential  in  SWV  is  close  to  the  half  wave  potential  of  the 

[Nb^V] 

involved  electrochemical  species  (13).  We  found  that  this  constant  is  K  = 
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This  data  allows  the  mass  balance  of  the  total  amount  of  niobium  species  to  be 
performed  and  therefore  to  calculate,  in  particular,  the  effective  content  in  Nb^  after  each 
addition  of  the  solute. 

Taking  into  account  these  corrections,  it  was  possible  in  fig.7,  to  build  up  a  calibration 
curve  giving  the  height  of  peak  (b)  of  fig.  4  versus  the  true  content  in  tetravalent  niobium. 

This  curve  must  be  expected  to  be  an  efficient  tool  for  the  control  on  line  of  the 
electrolyte  during  the  electrodeposition  of  niobium,  since  the  metal  is  produced  by  the  one 
step  reduction  of  tetravalent  niobium  and  therefore  the  content  in  this  species  must  be 
continuously  optimized. 


CONCLUSION 

This  study  has  made  it  possible  to  show  that  square  wave  voltammetry  is  a  powerful 
analysis  method  both  from  the  qualitative  and  quantitative  viewpoints  for  ionized  media  at 
high  temperatures.  The  calibration  curves  established  using  this  method  should  make  it 
possible  to  measure  in  real  time  the  concentration  of  the  Nbi'^  species  leading  to  the 
metallic  deposition,  and  the  niobium's  oxyfluoride  compound  content.  Any  drift  in  these 
two  parameters  can  therefore  be  easily  detected,  which  will  therefore  make  it  possible  to 
consider  controlling  the  bath  during  the  electrolysis  process. 

This  technique  is  all  the  more  sensitive  and  precise  as  the  number  of  electrons  exchanged 
during  the  electrochemical  reaction  concerned  is  high,  as  is  the  case  for  the  electrolytic 
deposition  of  refractory  metals  such  as  Ta,  Hf,  Nb,  Zr  in  a  molten  alkaline  fluoride  media. 
We  have  seen  in  this  paper  that  it  was  adapted  to  tantalum  and  niobium  systems.  We  are 
now  evaluating  its  suitability  to  the  hafnium  system. 


Figure  1:  Cyclic  voltammetry  of  a  solution  of 
K2TaF7  in  molten  LiF-NaF  (2.5  mass  percent) 
at  790°C  ;  Working  Electrode:  Mo  (area  =  0.3 1 
cm^);  electrode  of  comparison:  Ta;  Counter 
electrode:  Vitreous  carbon;  Potential  scan  rate: 
100  mV/sec. 


Figure  2:  Typical  cyclic  voltammogram  of  NbCls 
in  LiF-NaF  containing  oxyde  ions  0^‘: 

[NbCl5]  =  3.7  mass  percent,  working  electrode: 
tungsten  (area  =  0.31  cm^),  electrode  of 
comparison:  tungsten,  counter  electrode:  vitreous 
carbon,  T=780°C,  scanning  potential  rate  =  200 
mV.s'^ 
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Figure  3:  Square  wave  voltammogram  of  a 
solution  of  K2TaF7  in  molten  LiF-NaF  (5.0 
mass  percent)  at  790°C  ;  Working  Electrode:  Mo 
(area  =  0.31  cm^);  electrode  of  comparison:  Ta; 
Counter  electrode:  Vitreous  carbon;  Pulse 
frequency:  36  Hz;  Potential  scan  rate:  72mV/sec. 
□  :  experimental  points;  full  line:  curve 
obtained  by  modeling 


Figure  4:  Typical  square  wave  voltammogram  of 
NbCl5  in  LiF-NaF. 

[NbClsl  =  3.3  mass  percent,  working  electrode: 
tungsten  (area  =  0.31  cm^),  electrode  of 
comparison:  tungsten,  counter  electrode:  vitreous 
carbon,  pulse  frequency:  25  Hz,  scanning 
potential  rate:  75  mV.s"^,  0  =  780°C. 


Figure  5:  Square  wave  voltammogram  of  a 
solution  of  K2TaF7  in  molten  LiF-NaF, 
supplemented  with  sodium  oxide,  at  790°C 
Composition  of  the  bath:  5.0  mass  percent 
K2TaF7;  0.2  mass  percent  Na20.  Working 
Electrode:  Mo  (area  =  0.31  cm^);  electrode  of 
comparison:  Ta;  Counter  electrode:  Vitreous 
carbon.  D  :  experimental  points;  full  line;  curve 
obtained  by  modeling 


Figure  6:  Linear  relationships  of  reduction  peaks 
differential  current  densities  for  Nb*^  (1)  and 
NbOFs^-  (2)  species  versus  the  concentration  of 
NbCls  added  (in  mass  percent). 

Working  electrode:  tungsten  (area:  0.31  cm^), 
electrode  of  comparison:  tungsten,  pulse 
frequency:  25  Hz,  scanning  potential  rate:  75 
mV.s-I,e  =  780°C. 
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Figure  7:  Linear  relationship  of  reduction  peak 
differential  current  density  for  species  versus 
its  real  concentration  in  the  bath. 

Working  electrode:  tungsten  (area:  0.31  cm^), 
electrode  of  comparison:  tungsten,  pulse  frequency: 
25  Hz,  scanning  potential  rate:  75  mV.s'^ 

0  =  780°C. 
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ABSTRACT 

Room-temperature  molten  salts  composed  of  aluminum  chloride  (AICI3) 
and  l~ethyl-3-methylimidazolium  chloride  (EMIC)  are  well  suited  to 
studying  the  electrodeposition  of  aluminum  (Al)  and  as  a  codeposit  with 
other  metals  (Al-Mx)/  We  have  employed  an  Electeochemical  Quartz 
Crystal  Microbalance  (EQCM)  to  investigate,  in  situ,  the  deposition  and 
stripping  behavior  of  Al  and  Al-Mx  in  acidic  AlCl3:EMIC  molten  salts. 

The  EQCM  provides  both  mass  and  charge  data  during  electrodeposition 
and  snipping  processes.  This  information  can  be  used  to  determine 
codeposited  metal  composition  and  to  model  deposition  and/or  snipping 
processes. 

INTRODUCTION 

Our  interest  lies  in  the  electrodeposition  of  various  combinations  of  metals  with  aluminum. 
This  grows  from  the  planned  use  of  these  metal  combinations  to  make  thin  multilayers  and 
bulk  deposits.  These  multilayers  are  being  investigated  for  their  various  properties'’^  such 
as  their  utility  as  magnetic  thin  layered  films  as  in  the  case  of  aluminum  with  cobalt,  iron, 
or  nickel.  In  order  to  understand  these  systems,  their  growth  and  film  properties  need  to 
be  investigated.  A  first  step  in  this  process  is  the  growth  of  these  films  from  room 
temperature  molten  salts.  Application  of  room  temperature  molten  salts  to  the  deposition 
of  various  metals  arises  from  their  known  use  as  an  electroplating  medium  for  aluminum 
production.  Previous  work  with  cobalt  and  nickel  indicate  that  the  growth  of  these  films 
is  by  a  underpotential  deposition  (UPD)  mechanism,  that  is  tempered  by  a  three 
dimensional  nucleation  phenomena.  The  focus  of  the  present  work  is  the  examination  of 
the  EQCM  behavior  of  these  aluminum  metal  combinations  and  the  characterization  of  the 
resulting  films  produced  by  the  above  method. 
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EXPERIMENTAL 


Purification  of  AlCl3:EMIC  melt  components  was  perfonned  as  previously  described/ 
Protonic  impurities  were  removed  by  vacuum  treatment  at  1  x  10  ^  Toit  for  several  days. 
Polycrystalline  gold  disk  electrodes  were  made  by  vapor  deposition  of  approximately  2000 
A  of  gold  onto  approximately  50  A  of  chromium.  The  support  material  was  AT-cut  5 
MHz  Quartz  crystals,  which  were  highly  polished  and  1.0  inch  in  diameter.  The 
electrochemically  active  area  is  0.34  cm^  and  the  piezoelectrically  active  area  is  0.28  cm  . 
The  counter  electrode  was  a  0.5  mm  diameter  platinum  wire  coil,  and  the  reference 
electrode  consisted  of  an  A1  wiie  immersed  in  N=0.60  AICI3-EMIC  melt  contained  in  a 
sealed  glass  compartments  built  into  a  homemade  EQCM  cell  using  a  platinum  wire 
connection  to  the  built-in  luggin  capillary.  Melt  preparation  and  handling  was  performed 
in  a  nitrogen  filled  Vacuum  Atmospheres  two  man  drybox.  All  EQCM  measurements 
were  conducted  using  the  air-tight  glass  electrochemical  cells  which  were  set  up  inside  the 
drybox,  then  used  outside  the  drybox.  EQCM  cyclic  voltammetry  was  performed  with  an 
Intertech  Systems  HB-111  Analog  Function  Generator  and  a  PS  151 
Potentiostat/Galvanostat  controlled  by  the  Asyst  4.01  software  environment  using  a  GTSI 
486DX/33MHZ  computer.  Data  acquisition  was  done  with  a  Data  Translation  DT-2801 A 
D/A  converter  board  and  a  DT-707  screw  board.  The  oscillator  circuit  used  was  for  a  5 
MHz  crystal  in  the  normal  mode^  powered  by  a  Hewlett  Packard  20  volt  power  supply. 
All  data  collected  in  the  above  system  was  converted  into  Microsoft  Excel  5.0  worksheets 
for  data  analysis  by  Microsoft  Excel  or  Origin  software. 

RESULTS  AND  DISCUSSION 

We  have  recently  demonstrated  the  use  of  the  EQCM  in  room-temperature  molten  sdts.^ 
Room-temperature  molten  salts  are  significantly  more  viscous  than  aqueous  solutions. 
The  acidic  molten  salts  used  in  these  studies  had  viscosities  in  the  range  of  15-20 
centipoise.  (This  is  comparable  to  the  viscosity  of  ethylene  glycol).  The  higher  viscosity 
of  the  melts  tends  to  slow  down  the  EQCM  indicated  response  time  causing  a  separation 
to  occur  between  the  forward  and  reverse  scans.  However,  we  can  somewhat  compensate 
for  this  by  slowing  down  the  scan  rate,  which  allows  for  the  reaction  to  proceed  to 
completion  before  scan  reversal. 

The  nature  of  the  EQCM  frequency  data  can  be  evaluated  by  mathematically  converting  it 
to  current  response  data;  this  gives  a  calculated  cyclic  voltammogram  which  can  be 
compared  with  the  experimental  voltammogram.  Differences  between  the  two 
voltammograms  may  be  an  indication  of  solvent  occlusion,  mixed  transport  of  ions,  or  the 
presence  of  other  species  (i.e.  proton)  which  are  electroactive  in  the  region  of  interest. 
Consequently,  these  studies  were  performed  on  clean  proton  free  acidic  melts  to  minimize 
these  problems. 
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The  first  effort  in  looking  at  the  use  of  EQCM  in  room  temperature  molten  salts  involved 
an  examination  of  the  UPD  of  aluminum.  The  nature  of  the  response  would  give  us  a 
good  indication  of  the  utility  the  EQCM  would  have  in  this  relatively  viscous  medium. 
The  answer  to  that  question  lies  in  the  analysis  of  the  data  presented  in  Table  I.  The 
second  column  reports  both  the  frequency  and  current  data  converted  into  grams  per 
centimeter  squared  to  give  areal  mass.  The  areal  mass  data  indicates  that  the  results  of  the 
frequency  and  current  data  don’t  have  amplification  (positive  or  negative)  due  to 
viscoelastic  effects  from  the  viscous  electrolyte.  The  film  remains  a  rigid  layer  as  fai’  as 
the  system  can  detect  with  no  indicated  variable  damping  of  the  resonance  frequency  of 
the  quartz  crystal.  The  data  representing  the  calculated  and  actual  frequencies  achieved 
indicate  that  this  EQCM  method  is  sensitive  enough  to  detect  monolayer  amounts  of 
material  in  the  molten  salt  used  for  this  study.  Fuithermore,  this  data  indicates  the  viability 
of  using  EQCM  as  a  tool  to  study  rigid  layers  in  this  room  temperature  molten  salt. 

EQCM  measurements  give  simultaneous  current  and  frequency  data  as  a  function  of 
potential.  By  making  certain  assumptions,  the  frequency  data  can  be  converted  to  mass 
data.  Figure  1  shows  the  staircase  cyclic  voltaramogram  of  aluminum  and  chromium 
electrodeposited  from  a  1V=0.52  acidic  melt.  The  corresponding  frequency  verses 
potential  plot  for  the  staircase  cyclic  voltammogram  in  Figure  1  is  shown  in  Figure  2.  As 
stated  earlier,  the  frequency  is  proportional  to  the  mass,  and  as  Figure  2  clearly  shows, 
there  is  a  significant  mass  increase  as  the  potential  is  scanned  negative  of  zero  volts.  This 
corresponds  to  the  first  reduction  wave  in  Figure  1.  This  mass  increase  continues  through 
the  rising  part  of  the  second  reduction  wave  and  also  upon  scan  reversal  out  to 
approximately  0.25  V.  At  that  point,  the  process  is  reversed  and  all  the  mass  is  stripped 
off.  This  corresponds  to  the  two  oxidation  waves  observed  upon  scan  reversal  in  Figure 
1.  This  is  important  because  this  indicates  that  nothing  is  left  on  the  surface  and  no 
stripping  of  the  electrode  surface  is  occurring  either. 

Similar  results  to  figures  1  and  2  are  seen  in  figures  3  and  4,  when  the  voltage  is  scanned 
only  out  through  the  first  reduction  wave.  This  gives  a  better  look  at  the  voltammetry  of 
the  first  wave.  Of  interest  is  to  figure  out  what  component,  the  A1  or  Cr,  is  the  main 
contributor  to  the  electrochemical  events  taking  place. 

Also  present  is  a  secondary  frequency  change  seen  in  both  figures  2  and  4.  This  secondary 
frequency  change  at  0.8  to  1.5  V  is  hypothesized  to  be  from  the  Cr  to  Cr  transition 
which  formed  an  insoluble  compound.  This  compound  precipitates  out  to  give  a 
frequency  decrease  which  indicates  an  increased  mass  is  sensed.  The  process  is  reversible 
and  the  material  is  completely  removed. 

EQCM  measurements  can  be  used  to  ascertain  the  composition  of  the  deposited  material. 
If  we  assume  a  uniform  codeposit,  analysis  of  mass  and  current  data  can  be  used  to 
characterize  deposition  and  stripping  processes.^  The  total  mass  change  during  deposition 
or  stripping  (AWxotaO  is  equal  to  the  sum  of  the  masses  of  the  individual  metals;  AWmx  is 
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the  weight  for  added  metal  (other  than  aluminum)  and  AWm  is  the  weight  for  aluminum 
(equation  1). 


AWTo.al=AWMx  +  AWAl  [1] 

AQxotal  =  AQmx  +  AQaI  [2] 

The  total  charge  (AQrotai)  is  equal  to  the  charge  from  the  added  metal  (AQmx)  and  from  A1 
(AQai)  (equation  2).  Conversion  of  charge  to  weight  and  substitution  of  equation  2  into 
equation  1,  gives  equation  3.  Ki  and  Ka  are  constants  for  A1  and  Mx,  respectively. 


AWmx  =  (AQxotnl  -  Kl*AWTotal)/(K2  "  Kl)  [3] 

Once  the  AWmx  is  known,  it  is  substituted  back  into  equation  1  to  get  AWai.  From  the 
ratio  of  the  mass  changes  we  can  calculate  the  composition  of  the  deposit.  In  addition, 
the  mass  changes  can  be  plotted  against  the  potential  to  determine  mass  loss  and  charge 
loss,  upon  stripping,  of  the  codeposited  A1  and  Mx  and  individual  metals. 

Using  the  data  from  the  frequency-potential  plot  shown  in  figure  4,  we  calculated  the  mass 
versus  potential  using  the  above  equations  for  both  Cr  and  Al.  The  data  are  plotted  in 
figure  5  as  moles  of  Cr  and  moles  of  Al.  The  plots  for  the  Al  and  Cr  are  almost 
superimposible  indicating  that  for  the  first  reduction  wave  Al  and  Cr  are  deposited 
simultaneously  and  in  similar  molar  quantities. 

SUMMARY 

We  have  concluded  several  issues  from  the  above  discussed  work. 

1.  EQCM  is  a  viable  technique  to  use  in  a  medium  such  as  the  room  temperature 
EMIC-AICI3  molten  salts. 

2.  The  UPD  of  aluminum  can  be  measured  in  this  electrolyte  system  and  the  results 
are  fairly  close  to  the  expected  values. 

3.  Aluminum  and  chromium  can  be  codeposited  from  the  room  temperature  EMIC- 
AICI3  molten  salts  even  though  the  potential  at  which  they  deposit  occurs  after  normal 
bulk  aluminum  deposition. 

4.  EQCM  can  give  us  insight  into  the  deposition  and  stripping  behavior  of  metal 
deposits. 
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Table  I EQCM  data  of  the  underpotential  deposition  of  aluminum. 


Scan 

Q  vs  Freq 
(g/cm^) 

Frequency 

Expected 

Frequency 

Actual 

1 

6.5/5.5x10* 

3.6  Hz 

3.8  Hz 

2 

5.4/5.8x10* 

3.6  Hz 

4.0  Hz 

3 

6.8/6.1x10'* 

3.6  Hz 

4.2  Hz 
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Fig.  2  The  accompanying  frequency  data  of  Aluminum  and  Chromium  electrodeposited 
duiing  the  EQCM  experiment  depicted  in  figure  1. 
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Fig.  3  Staircase  cyclic  voltammogram  of  fiist  peak  from  aluminum  and  chiomium 
electrodeposited  out  of  a  iV=0.52  room  temperature  EMIC-AICI3  molten  salt  using  an 
aluminum  wire  in  iV=0.60  EMIC-AICI3  as  a  reference  electrode. 


Fig.  4  The  accompanying  frequency  data  of  aluminum  and  chromium  electrodeposited 
during  the  EQCM  experiment  depicted  in  figure  3. 
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Moles  of  Cr  or  Al 


Fig  5  The  modeled  frequency  and  charge  data  for  chromium  and  aluminum.  Depicted 
are  curves  for  the  moles  of  aluminum  or  chromium  present  during  the  electrochemical 
events. 
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ABSTRACT 

Electrochemical  quartz  crystal  microbalance  (EQCM)  measurements  were 
made  in  situ  on  cobalt-aluminum  alloy  deposition  and  stripping  in  room- 
temperature  molten  salts.  The  room-temperature  molten  salt  was  AICI3- 
rich  (acidic)  AlCl3:EMIC  (EMIC  =  l-ethyl-3-methylimidazolium  chloride). 

In  these  melt  systems,  the  cobalt-aluminum  alloys  are  electrodeposited 
between  the  two  metal  redox  couples  of  cobalt  and  aluminum.  Cobalt 
metal  is  deposited  at  potentials  positive  of  +  0.4  V,  while  the  CoAlx  alloys 
are  produced  at  potentials  negative  of  +0.4.  The  value  of  x  in  CoAlx 
gradually  increases  up  to  a  value  of  2  as  the  electrodeposition  potential 
(Edeposition)  decreases;  however,  plots  of  x  vs.  Edeposmon  exhibit  sloping 
plateaus  and  indicate  preferential  formation  of  alloys  having  integral 
compositions  of  CoAli  and  C0AI2.  The  formation  of  these  alloys  can  be 
interpreted  as  a  UPD-based  process  or  as  a  free  energy  of  alloy  formation. 

Upon  oxidation  of  the  alloys,  EQCM  data  indicates  that  aluminum  is 
stripped  out  of  the  alloy  matrix  separately  from  the  cobalt. 

INTRODUCTION 

The  room-temperature  AlClstEMIC  molten  salts  (EMIC  =  l-ethyl-3- 
methylimidazoHum  chloride)  have  proven  to  be  useful  solvents  for  electrochemical  and 
chemical  investigations. Most  importantly,  aluminum  can  be  reversible  electrodeposited 
from  acidic  melt  compositions  (AlCl3:EMIC  molar  ratio  >  1).^'^  The  molten  salts  are 
excellent  solvents  for  both  ionic  and  molecular  species;  thus,  a  great  many  transition  metal 
salts  are  soluble  in  the  acidic  melts.  The  room-temperature  molten  salts  are  also  excellent 
electrochemical  solvents:  they  possess  a  wide  electrochemical  window;  they  are  purely 
ionic,  so  they  have  high  intrinsic  conductivities  (ca.  10”^  ohm“l  cm“l);  and  they  are  liquid 
and  theimaUy  stable  over  a  very  wide  temperature  range  (-60  to  250  ^C).  Unlike 
conventional  electroplating  baths,  the  AlCl3:EMIC  molten  salts  have  very  low  dielectric 
constants.  This  fact,  coupled  with  their  low  operating  temperature,  appears  to  promote 
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preferential  orientation  of  electrochemical  deposits,  thus  making  possible  epitaxial  growth 
of  metals  and  alloys. 

We  have  demonstrated  that  EQCM  experiments  can  be  effective  performed  in 
these  AlClsrEMIC  molten  salts  by  examining  the  electrodeposition  of  aluminum  onto  a 
gold  EQCM  electrode."  The  viscosity  of  the  molten  salt  is  comparable  to  that  of  ethylene 
glycol,  but  does  not  dampen  the  frequency  change  of  the  rigid  layer.  By  examining  the 
underpotential  deposition  (UPD)  of  aluminum  on  gold/chromium  coated  quartz  crystals,  it 
was  possible  to  get  monolayer  measurements  in  this  viscous  medium  which  agreed  with 
the  expected  frequency  change  for  an  A1  monolayer.  Further  tests  with  UPD  of  PbCla 
confirmed  the  applicability  of  EQCM  in  these  melt  electrolytes. 

Earlier,  we  reported  the  UPD-induced  electrodeposition  of  Co-Al  alloys  in  the 
AlClsrEMIC  room-temperature  molten  salts.  In  these  studies,  we  used 

microelectrodes  and  energy  dispersive  spectroscopy  (EDS)  to  analyze  the  composition  of 
these  alloys. We  discussed  the  electrodeposition  behavior  (e.g.,  nucleation  mechanism) 
of  Co-Al  alloys  at  platinum  macroelectrodes  and  the  role  of  UPD  (both  Co-on-Pt  and  Al- 
on-Co)  in  the  overall  deposition  process.’®  We  also  presented  EDS  analyses  of  the  Co-Al 
electrodeposits  and  scanning  electron  microscopy  (SEM)  images  of  alloy  thin  films, 
showing  unusual  surface  morphologies. 

In  this  paper,  we  employ  an  electrochemical  quartz  crystal  microbalance  to 
investigate  the  mass  changes  occurring  during  film  formation  and  growth  during 
electrodeposition  and  the  selective  dealloying  of  these  materials  during  anodization. 

EXPERIMENTAL 

Purification  of  AlClarEMIC  melt  components  has  been  previously  described.’^’’'* 
Protonic  impurities  were  removed  by  vacuum  treatment  at  1  x  10'^  Ton*  for  several 
days.’^’’®.  The  analyte  melt  used  in  this  investigation  had  a  AlCl3:EMIC  molar  ratio  ofN  = 
0.55  (A  =  mole  fraction  of  AICI3)  and  contained  70  mM  Co(II)  added  as  anhydrous  C0CI2. 
Polycrystalline  gold  disk  electrodes  were  made  by  vapor  deposition  of  approx.  2000  A  of 
gold  onto  approximately  50  A  of  chromium.  The  support  material  was  AT-cut  5  MHz 
Quartz  crystals,  which  were  highly  polished  and  1.0  inch  in  diameter.  The 
electrochemically  active  area  was  0.34  cm^  and  the  piezoelectric  active  area  was  0.28  cm^. 
The  counter  electrode  was  a  platinum  coil,  and  the  reference  electrode  consisted  of 
aluminum  wire  immersed  in  N  =  0.60  AlCl3:EMIC  melt  contained  in  separate  fritted  or 
Vycor  glass  compartments. 

All  experiments  were  performed  in  glass-constructed  cells  sealed  under  a  UHP 
Helium  atmosphere  in  a  Vacuum  Atmospheres  dry  box  at  room  temperature.  Cyclic 
voltammetry  was  performed  with  an  Intertech  Systems  HB-111  Analog  Function 
Generator  and  a  PS  151  Potentiostat  /  Galvanostat  controlled  by  the  Asyst  4.01  software 
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environment  using  a  GTSI  486DX/33MHz  computer.  Data  acquisition  was  performed 
with  a  Data  Translation  DT-2801 A  D/A  board  and  a  DT-707  screw  board.  The  oscillator 
circuit  was  a  5  MHz  crystal  operating  in  the  normal  mode.^^ 

RESULTS  AND  DISCUSSION 

Cyclic  voltammetry  for  cobalt,  aluminum,  and  its  alloys  in  a  //  =  0.55  AlClarEMIC 
melt  is  represented  in  Fig.  1.  Data  are  plotted  with  reduction  proceeding  to  the  left. 
Starting  from  the  right  side  of  the  voltammogram  and  scanmng  to  less  positive  potentials, 
one  sees  an  initial  peak  at  +0.5  V  coitesponding  to  the  electrodeposition  of  Co  metal,  a 
plateau  at  +0.3  V  due  to  formation  of  a  1:1  Co-Al  alloy,  a  plateau  at  +0.1  V 
corresponding  to  a  1:2  Co-Al  alloy,  and  finally  the  electrodeposition  of  bulk  aluminum  at  - 
0.1  V.  The  presence  of  the  two  preferred  alloys  compositions  CoAli  and  C0AI2  has  been 
verified  by  SEM-EDS  and  microelectrode  work,^"'^^  although  all  compositions  from 
CoAlx  with  X  =  0  to  2  are  accessible.  This  earlier  work  led  to  the  use  of  EQCM  to  obtain 
further  data  on  the  electrodeposition  and  oxidative  snipping  of  these  unusual  alloys. 

The  acidic  chloroaluminate  room-temperature  molten  salts  have  a  viscosity  of 
approximately  15-20  centipoise  which  is  about  the  same  as  ethylene  glycol.  This  tends  to 
slow  the  EQCM  response  time  and  necessitates  the  use  of  slower  scan  rates.  From  the 
weight  changes  and  a  knowledge  of  the  material  electrodeposited  the  frequency  data  from 
the  EQCM  can  be  converted  to  a  current  response  dataset.  This  calculated  dataset  should 
agree  with  the  current  response  data  taken  from  the  cyclic  voltammetry  experiments. 
Deviations  from  a  perfect  match  in  the  data  often  indicates  the  uptake  of  solvent  or  a 
mixed  transport  phenomenon.  To  eliminate  the  possibility  of  mixed  transport,  limitation  of 
transportable  species  is  achieved  and  the  number  of  different  redox  events  are  limited.  In 
the  case  of  molten  salts,  it  is  possible  to  get  solvent  entrapment  on  roughened  surfaces  by 
occlusion. 

Upon  obtaining  simultaneous  current  and  frequency  data  as  a  function  of  potential, 
standard  EQCM  analysis  provides  the  total  weight  change  as  a  function  of  potential.  To 
differentiate  the  weight  changes  assigned  independently  to  Co  and  to  A1  during 
electi'odeposition  and  stripping,  it  is  necessary  to  combine  the  changes  in  total  weight 
(AWtoui)  and  the  changes  in  the  total  charge  (AQ,otai)  according  to  the  fonnulations  below. 

Assuming  assuming  total  weight  and  charge  are  from  Co  and  A1  deposition  and 
stripping  only,  then  Eqns.  1  and  2  are  valid. 


AWxotal  =  AWco  +  AWai  tU 

AQtotal  =  AQco  +  AQai  [2] 
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Using  the  constants  Ki  =  (3*/0(Atomic  Mass  Al)  ’  and  K2  =  (2*f)(Atomic  Mass  Co)'*  to 
convert  charge  to  weight,  Eq.  2  is  substituted  into  Eq.l  to  give  Eq.  3. 

AWco  =  (AQxotal  ‘ 

Then,  AWco  is  substituted  back  into  Eq.  1  to  calculate  AWai.  Finally  both  weight  changes 
are  converted  to  micromoles  and  plotted  (see  Figure  2)  against  potential  to  determine  the 
selective  material  gain  or  loss  during  deposition  or  stripping,  respectively,  of  the  metals 
and  alloys. 

In  Fig.  2,  both  Co  and  A1  are  seen  to  deposit  in  the  alloy  forming  region  during  the 
negative  potential  sweep;  however,  the  deposition  peaks  are  not  clearly  defined,  and  so  the 
cathodic  currents  are  not  discussed  in  this  study.  On  the  other  hand,  the  oxidation 
currents  display  well  resolved  stripping  peaks  for  both  A1  and  Co,  which  are  used  to 
examine  the  selective  dealloying  processes  during  alloy  oxidation.  From  the  pronounced 
stripping  peaks  of  only  A1  at  +0,2  and  +0.5  V,  it  appears  that  A1  is  selectively  stripped 
from  the  alloys  before  Co.  Cobalt  oxidation  appears  to  take  place  in  two  steps  at  +0.6  and 
+0.95  V  -  potentials  positive  of  the  Co  metal  reduction  potential.  Importantly,  A1 
deposits  before  its  reduction  potential  to  form  an  alloy  with  Co  via  a  UPD  mechanism,  and 
it  strips  from  the  alloy  first.  The  formation  of  Co-Al  alloys  in  this  system  is  supported  by 
EDS*°  results  that  do  not  show  any  discrete  islands  of  individual  metal  forming  on  the 
surface. 

Finally,  Fig.  2  also  shows  that  only  A1  is  depositing  in  the  A1  bulk  deposition 
region.  This  serves  as  a  test  of  the  model  used  to  derive  Eq.  3,  because  only  a  large 
micromolar  change  in  A1  should  be  seen  in  the  bulk  A1  deposition  region. 

SUMMARY 

From  this  EQCM  study  the  following  conclusions  can  be  made: 

1.  The  composition  of  the  Co-Al  alloy  can  be  changed  dramatically  by  adjusting  the 
plating  potential.  This  results  in  a  range  of  CoAlx  alloys  where  is  x  is  predominantly  1  or 

2. 


2.  Aluminum  can  be  selectively  stripped  out  of  the  CoAlx  structure  (dealloying), 
leaving  behind  a  cobalt  superlattice.  The  remaining  Co  can  then  be  stripped  from  the 
surface  at  potentials  positive  of  the  Co  reduction  potential. 

3.  At  more  negative  potentials,  it  is  possible  to  plate  bulk  A1  on  top  of  the 
predeposited  alloy  underlayer. 
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Figure  1.  Cyclic  voltammogram  at0.34-cm^  Au EQCM electrode  mN  =  0.55  AlClstEMIC 
containing  70  mM  Co(n). 


Figure  2.  Plot  of  AWco  (dotted  line)  and  AWai  (solid  line)  in  micromoles  versus  potential. 
Arrows  indicate  the  approximate  potentials  where  the  electrodeposition  of  Co  metal, 
CoAli  (alloy  1),  and  C0AI2  (alloy  2)  begin. 
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ELECTRODEPOSITION  AND  NUCLEATION 
OF  LEAD  FROM  CHLORIDE  MELTS 

T.  St0re,  G.  M.  Haarberg,  T.  E.  Jentoftsen  and  R.  Tunold 


Norwegian  University  of  Science  and  Technology 
Department  of  Electrochemistry 
N-7034  Trondheim,  NORWAY 


The  electrodeposition  of  lead  from  molten  KCl-LiCl  eutectic  at  400°C  has 
been  studied  by  cyclic  voltammetry  and  chronoamperometry.  The 
nucleation  was  shown  to  be  progressive  with  diffusion  controlled  growth  of 
nuclei.  No  nucleation  overpotential  was  observed.  The  saturation  number 
density  of  nuclei,  calculated  from  potentiostatic  current  transients,  was  of 
the  order  of  10^  nuclei  per  cm^  for  overpotentials  between  -15  and  -25  mV. 
The  reduction  of  Pb^^  was  found  to  be  a  reversible  process.  From  cyclic 
voltammetry,  the  diffusion  coefficient  was  calculated  to  D  =  1.5*10  ^  cm  /s. 
This  was  in  poor  agreement  with  the  value  obtained  by  analysing  the 
current  transients  according  to  a  theoretical  nucleation  model. 


INTRODUCTION 


The  electrochemistry  of  PbCb  in  molten  chlorides  has  been  studied  by  a  number  of 
authors  (1-5).  None  of  these  has  been  concerned  about  electrochemical  nucleation. 
However,  Hussey  and  Xu  (6)  have  carried  out  such  studies  in  a  mixture  of  AICI3  and 
i -methyl-3 -ethylimidazolium  chloride  at  40°C.  At  this  temperature  the  lead  forms  a  solid 
deposit.  They  found  that  the  electrodeposition  of  lead  on  glassy  carbon  exhibited 
progressive  three-dimensional  nucleation  with  diffusion  controlled  growth. 

Gunawardena  et  al,  (7)  have  developed  a  nucleation  model  which  is  very  useful  for 
determining  nuclear  number  densities.  It  considers  three-dimensional  growth  of  nuclei 
under  diffusion  control.  Each  of  the  randomly  distributed  nuclei  is  surrounded  by  a 
growing  hemispherical  diffusion  zone.  The  key  assumption  is  that  no  new  nuclei  will 
appear  inside  the  zones.  Since  the  diffusion  zones  grow  with  time,  they  will  eventually 
overlap,  and  the  only  source  of  material  will  then  be  by  linear  diffusion  perpendicularly  to 
the  electrode.  Consequently,  the  nucleation  process  becomes  arrested  and  the  nuclear 
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number  density  approaches  a  final  limiting  value,  A  summary  of  the  model  will  be  outlined 
in  the  following. 

For  an  instantaneous  nucleation  process,  the  current  density  is  given  by 


where 

k;  =  (Stic^m/p)'  ^ 


[11 

[2] 


D  and  c”  are  the  diffusion  coefficient  (cm^/s)  and  bulk  concentration  (mol/cm^)  of  the 
depositing  species,  respectively.  M  and  p  are  the  molecular  weight  (g/mol)  and  density 
(g/cm^)  of  the  deposit.  N  is  the  number  density  of  nuclei  (cm'^),  and  the  other  symbols 
have  their  usual  meaning. 

The  corresponding  expressions  for  progressive  nucleation  are 


and 


.  zFD‘'"c“  r 


exp{- AN  Tik  p  Dt^  /2)  j 


(stcc^M/p) 


1/2 


[3] 

[4] 


where  A  is  the  steady  state  nucleation  rate  per  site  (s'^)  and  Na>  is  the  number  density  of 
available  sites  (cm'^). 

The  transients  [1]  and  [3]  pass  through  a  maximum,  im,  at  a  certain  time,  U.  Equating 
the  time  derivatives  of  these  expressions  to  zero  gives 


instantaneous  nucleation 


_  1.2564 
“  Nrtk.D 


[5] 


i^  =  0.6382zFDc“(kiN)"' 


[6] 
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progressive  nucleation 


1/2 


t 


m 


4.6733 

AN^TtkpD 


[7] 


=  0.4615zFD'^"c*(kpAN^y'^ 


[8] 


Both  mechanisms  predict  that  the  product  im^tm  should  be  constant; 


instantaneous 

=0.1629(zFc”)'d 

[9] 

nrogressive 

imtm  =0.2598(zFc“)'d 

[10] 

In  principle,  these  expressions  could  be  used  to  identify  the  nucleation  mechanism  in  a 
particular  experiment.  This,  however,  would  require  a  rather  accurate  value  for  the 
diffusion  coefficient.  Scharifker  and  Hills  (8)  have  suggested  a  better  method  in  which  the 
experimental  current  transients  are  presented  in  non-dimensional  form  and  compared  with 
the  following  theoretical  expressions; 


instantaneous 


progressive 


I^{l-exp[-1.2564(t/tJ]}' 

^{l-exp[-2.3367(t/t„)’|}' 


[11] 

[12] 


One  further  point  should  be  mentioned.  Normally,  the  number  density  of  nuclei  in 
progressive  nucleation  is  expected  to  approach  the  total  number  of  available  sites,  Nco,  at 
long  times.  This,  however,  is  not  the  case  for  a  diffusion  controlled  process.  Gunawardena 
et  al.  (7)  have  shown  that  because  of  the  growth  of  the  diffusion  zones,  the  number  density 
reaches  a  limiting  value,  the  so-called  saturation  number  density,  given  by 


N..,=(AN./2k,Dy" 


[13] 
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EXPERIMENTAL 


All  chemicals  were  of  analytic  grade.  KCl  and  LiCl  were  dried  under  vacuum  at  500°C 
for  about  6  hours,  while  PbCb  was  vacuum-distilled.  A  eutectic  mixture  of  KCl  and  LiCl 
was  used  as  solvent  with  a  PbCb  concentration  of  0.030  M  (about  0. 1  mol%).  The  molten 
electrolyte  was  contained  in  a  glassy  carbon  crucible  (Le  Carbone-Lorraine,  V25)  placed 
inside  a  quartz  tube. 

The  working  electrode  was  a  3  mm  diameter  glassy  carbon  rod  (Tokai,  GC-20S)  sealed 
with  pyrex,  giving  an  active  electrode  area  of  0.071  cm^.  A  pool  of  liquid  lead  inside  an 
open  quartz  tube  served  as  reference,  and  a  graphite  rod  (Ultra  Carbon)  was  used  as 
counter  electrode.  The  experimental  cell  was  assembled  in  a  dry-box  before  being 
transferred  to  the  furnace.  During  the  experiments,  the  temperature  was  kept  constant  at 
400°C,  and  the  cell  was  purged  with  argon  to  prevent  any  oxygen  or  moisture  to  enter. 

Electrochemical  measurements  were  performed  with  a  Radiometer  VoltaLab  32 
potentiostat  with  integrated  software.  Linear  sweep  voltammetry  and  potential  step 
chronoamperometiy  were  used  to  study  the  lead  deposition  process. 


RESULTS  AND  DISCUSSION 


A  cyclic  voltammogram  of  lead  at  a  glassy  carbon  electrode  is  shown  in  figure  1.  When 
the  potential  is  swept  in  the  negative  direction,  a  reduction  wave  with  Ep  =  -61  mV  is 
observed.  The  steep  leading  edge  of  this  peak  indicates  that  the  reduced  species  forms  an 
insoluble  deposit  on  the  electrode.  The  sharp  ‘stripping  peak’  on  the  reverse  scan  confirms 
this.  Between  the  lead  deposition  and  the  chlorine  evolution  starting  at  about  +1.5  V, 
practically  no  current  is  observed. 

To  study  the  cathodic  process  closer,  the  potential  was  swept  at  a  rate  of  only  1  mV/s. 
In  figure  2,  lead  deposition  starts  at  -19  mV,  while  the  curve  crosses  the  potential  axis  at 
-23  mV  on  the  reverse  scan.  These  exact  values  were  easily  reproduced.  There  was  no 
sign  of  a  ‘cross-over’  on  the  reverse  scan,  which  would  have  indicated  that  the  process 
involves  a  nucleation  overpotential.  No  explicit  value  for  the  nucleation  overpotential  is 
reported  by  Hussey  and  Xu  (6),  but  from  a  50  mV/s  cyclic  voltammogram,  it  can  be 
estimated  to  something  like  60  mV.  This  is  not  very  surprising  if  one  considers  the 
difference  in  the  two  processes.  Deposition  of  a  metal  below  its  melting  point  includes  a 
lattice  incorporation  step  which  is  probably  responsible  for  most  of  the  nucleation 
overpotential. 
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As  seen  from  figure  3,  the  cathodic  peak  current  was  found  to  be  a  linear  function  of 
the  square  root  of  sweep  rate,  with  intercept  at  the  origin.  The  process  therefore  behaves 
reversibly  for  sweep  rates  up  to  500  mV/s.  The  diffusion  coefficient  of  Pb^^-ions  can  be 
evaluated  using  the  following  equation  (9): 


ip  =0.610^,, 


(RT)’' 


[14] 


ip  is  the  cathodic  peak  current  density  (A/cm^)  and  v  is  the  sweep  rate  (V/s).  From  the 
slope  in  figure  2  one  obtains  D  =  1.5-10'^  cmVs.  This  is  in  reasonable  agreement  with  an 
empirical  equation  for  the  temperature  dependence  of  D  reported  by  Yurkinskii  and 
Makarov  (4),  which  gives  a  value  of  1 .3- 10'^  cm^/s. 

Chronoamperometry  is  probably  the  best  method  for  studying  nucleation  processes 
quantitatively.  A  constant  potential  was  applied  to  the  electrode  for  50  s,  and  the  current 
was  recorded  as  a  function  of  time.  Figure  4  shows  a  family  of  such  current  transients.  The 
initial  part  of  each  transient,  which  represents  double  layer  charging,  is  not  shown  in  the 
figure.  After  a  certain  potential  dependent  time  delay,  the  current  reaches  a  minimum 
value.  The  following  rising  part  of  the  curves  is  due  to  an  increase  in  the  electro-active 
area,  as  a  result  of  the  birth  and  growth  of  nuclei.  With  potentials  less  cathodic  than  -20 
mV,  no  current  maxima  were  observed  within  the  50  s  timescale,  while  the  maxima 
occurred  before  0.5  s  when  potentials  more  cathodic  than  -36  mV  were  applied.  It  is 
interesting  to  notice  the  relatively  large  shift  of  the  current  maxima  on  the  time  axis 
resulting  from  a  decrease  in  the  electrode  potential  of  only  a  few  millivolts.  In  similar 
experiments  in  aqueous  solution,  it  is  often  necessaiy  to  apply  several  tens  of  millivolts  to 
achieve  the  same  effect. 

The  classical  way  to  treat  nucleation  processes  is  to  plot  log  i  against  log  t.  This  is 
supposed  to  give  a  linear  relation  at  short  times,  with  a  slope  from  which  the  nucleation 
mechanism  can  be  deduced.  An  attempt  to  do  so  is  shown  in  figure  5.  The  only  linear 
portion  of  these  S-shaped  curves  seems  to  be  in  the  middle  section.  Moreover,  the  slope 
increases  steadily  from  0.68  to  2.14  as  the  potential  becomes  more  cathodic.  Obviously, 
no  conclusions  regarding  the  nucleation  mechanism  can  be  drawn. 

Consequently,  the  transients  were  plotted  in  non-dimensional  form  as  described  in  the 
introduction.  Two  such  curves  are  shown  in  figure  6.  Note  that  the  non-dimensional  plots 
only  represent  the  transients  after  the  current  minimum.  This  minimum  is  redefined  as  the 
origin  to  which  all  following  time  and  current  values  are  referred.  This  is  necessary  for 
comparing  experimental  data  with  theory,  since  the  model  does  not  account  for  neither 
double  layer  charging  nor  any  delay  in  the  nucleation  process. 
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The  experimental  data  show  a  remarkable  agreement  with  the  theoretical  curve  for 
progressive  nucleation,  especially  in  the  rising  part.  The  irregularity  beyond  the  maximum 
in  figure  6a  is  attributed  to  the  effect  of  natural  convection,  which  becomes  important  at 
long  times.  The  timescale  of  the  transients  in  figure  6a  and  b  is  10  s  and  2  s,  respectively. 
All  transients  showed  proof  of  progressive  nucleation  in  a  similar  manner. 

These  non-dimensional  plots  are  only  a  qualitative  tool  for  deciding  whether  the 
nucleation  is  spontaneous  or  progressive.  Once  this  has  been  established,  the  maximum 
values,  tm  and  i^,  are  used  in  a  quantitative  treatment  of  the  process.  Table  I  contains  these 
values  for  each  applied  potential. 


Table  I.  Analysis  of  current  transients  for  calculation  of  nuclear  number  densides. 


E 

tm 

10'  i« 

10^  ij  tm 

10  *  AN„ 

10*  D 

10-*N,„t 

[S] 

mmm 

fA^  cm  "*  s] 

fs  '  cm^l 

fcmVs] 

[cm*] 

-20 

38.8 

0.209 

1.70 

0.195 

0.706 

-21 

26.3 

1.74 

0.200 

-22 

17.5 

2.97 

-23 

11.8 

3.64 

0.159 

0.418 

1.09 

-24 

4.14 

1.26 

-25 

5.24 

5.36 

1.65 

-26 

3.62 

1.32 

0.968 

2.03 

-27 

2.66 

1.66 

7.33 

1.54 

2.38 

-28 

2.03 

2.09 

8.83 

2.20 

2.59 

-29 

1.46 

2.33 

7.93 

4.73 

4.00 

-30 

1.22 

2.55 

7.87 

6.88 

4.85 

-31 

3.09 

9.99 

7.33 

■1^ 

4.44 

-32 

3.32 

9.67 

10.8 

IHKllllH 

5.48 

-33 

3.17 

8.14 

15.1 

IHE^H 

7.05 

-34 

4.57  ^ 

12.6 

17.6 

1.44 

6.14 

-35 

5.02 

14.0 

18.4 

1.61 

5.94 

-36 

6.03 

18.2 

17.6 

5.10 

-37 

0.484 

5.70 

15.7 

21.7 

1.81 

6.08 

-39 

0.394 

6.72 

17.8 

29.0 

2.04 

6.62 

It  is  not  possible  to  determine  the  nucleation  rate  explicitly,  only  the  product  AN*,. 
Gunawardena  et  al.  (7)  state  that  this  could  be  accomplished  using  either  of  equations  [7] 
or  [8],  Since  an  accurate  value  of  the  diffusion  coefficient  is  not  always  available  in 
advance,  it  is  better  to  eliminate  D  by  combining  these  two  equations.  This  results  in  the 
following  expression: 
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AN„ 


0.3864(zFc")' 


[15] 


When  ANoo  is  determined,  D  can  be  evaluated  from  [7]  or  [8],  These  values  are  inserted 
in  [13]  for  calculation  of  the  saturation  number  density,  Nsat- 

According  to  equation  [10],  the  product  im^tm  is  supposed  to  be  independent  of 
potential.  As  can  be  seen  from  table  I,  this  is  far  from  being  true.  Instead,  there  is  a  one 
order  of  magnitude  increase  down  the  column.  Furthermore,  the  calculated  diffusion 
coefficient  shows  the  same  trend,  as  well  as  being  unreasonably  low.  One  could  ask  what 
is  wrong  here,  and  the  answer  is  very  simple. 

In  general,  the  current  density  at  an  electrode  is  proportional  to  the  gradient  (c®  -  c"), 
where  c®  and  c"  are  the  bulk  and  surface  concentrations  of  the  reactant,  respectively. 
However,  the  model  is  based  on  total  diffusion  control,  and  c  is  therefore  neglected  in 
equation  [3]  and  all  other  current  density  expressions.  This  assumption  is  valid  for 
sufficiently  large  overpotentials.  When  the  electron  transfer  is  fast,  the  surface 
concentration  of  the  reactant  is  given  by  the  Nernst  equation,  from  which  the  following 
expression  is  obtained: 


c 


a 


[16] 


Table  II  contains  calculated  surface  concentrations.  Even  at  the  highest  overpotential, 
c“  is  more  than  40%  of  the  bulk  concentration.  This  fact  obviously  has  to  be  corrected  for. 
Use  of  equation  [16]  requires  a  knowledge  of  the  reversible  potential.  No  steady  state 
measurements  were  carried  out  in  this  work,  but  earlier  experiments  with  single  PbCb 
gave  a  reversible  potential  of -14  mV  against  the  same  reference  electrode.  As  it  turned 
out,  this  value  gave  the  most  consistent  result.  From  a  re-examination  of  the 
voltammogram  in  figure  2,  it  follows  that  the  nucleation  overpotential  is  at  most  5  mV. 

Replacement  of  c®  with  (c®  -  c")  in  the  current  density  expressions  corresponds  to 
multiplication  by  (1  -  c7c®).  It  is  then  expected  that  the  quantity  im^n,  /  (1  -  c7c®f  should 
be  independent  of  potential.  Table  II  shows  that  this  is  indeed  the  case.  According  to 
equation  [15],  ANco  should  be  corrected  in  the  same  fashion. 

As  before,  the  diffusion  coefficient  is  found  by  inserting  AN®  in  equation  [7].  There  is 
some  variation  in  the  calculated  values  in  table  II,  but  no  general  trend  is  observed.  An 
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estimate  of  the  diffusion  coefficient  is  obtained  by  using  the  average  Davg  =  5.8- 10'  cm  Is. 
This  value  seems  too  low,  being  only  39%  of  that  calculated  from  cyclic  voltammetry.  On 
the  other  hand,  the  latter  method  is  probably  not  very  reliable  when  electrochemical 
nucleation  is  involved.  Hills  et  al.  (10)  studied  the  electrodeposition  of  Ag  on  a  Pt 
electrode  from  molten  KNOj-NaNOs.  The  diffusion  coefficient  of  Ag^  was  determined 
with  three  different  methods.  The  value  calculated  from  chronopotentiometry  was  only 
40%  of  that  from  cyclic  voltammetry,  and  the  authors  claimed  that  the  former  method 
gave  the  most  reliable  result. 

To  our  knowledge,  there  is  no  well  established  method  for  calculation  of  D  that  takes 
into  account  the  increase  in  electro-active  area  which  accompanies  nucleation  processes. 
The  variation  of  the  data  in  table  II  indicates  that  D  cannot  be  determined  from  one  single 
potentiostatic  current  transient.  Although  the  average  value  may  be  a  better  estimate  of  the 
true  diffusion  coefficient  than  the  one  obtained  from  cyclic  voltammetry,  other  methods, 
such  as  chronopotentiometry,  probably  give  more  reliable  results. 


Table  II.  Analysis  of  current  transients,  with  the  correction  that  c°  7=^  0  at  lower  overpotentials. 


fmVl 

tn, 

[Si 

lOM™ 

[A/cm*] 

c7c“ 

10*  i™*  / 

(1  -  c7c“)* 

[A*  cm“*  s] 

10*  AN^ 

Is  *  cm  *] 

10*  D 

rcm*/s] 

10  *  N,.. 

[cm*] 

HIIIIQIIIIH 

38.8 

0.813 

48.5 

0.00110 

5.57 

-7 

37.9 

0.00306 

4.35 

ffW 

51.1 

0.00511 

5.87 

11.8 

51.1 

0,0113 

5.87 

WifiVidcW 

0.682 

0.708 

48.7 

5.59 

BQQSI 

-11 

1.01 

53.8 

6.18 

-12 

1.32 

■linHi 

54.9 

HSSi 

6.31 

-13 

2.66 

1.66 

0.639 

56.2 

6.45 

HBSH 

-14 

msm 

0.617 

0.322 

0.379 

-15 

48.6 

5.59 

0.653 

-16 

1.22 

2.55 

43.8 

5.03 

0.872 

-17 

1.05 

mmm 

50.8 

5.83 

-18 

2.31 

5.19 

1.17 

-19 

3.17 

35.2 

1.63 

-20 

4.57 

5.81 

1.52 

-21 

0.556 

5.02 

52.8 

4.89 

6.07  ^ 

1.58 

-22 

0.468 

4.98 

7.38 

1.44 

-23 

0.452 

6.50 

6.03 

1.82 

-25 

HESSH 

6.72 

0.422 

53.3 

9.67 

6.12 

2.21 

The  saturation  number  density  of  nuclei  increases  by  two  orders  of  magnitude  with  a  20 
mV  increase  in  overpotential.  With  t)  between  -15  and  -25  mV,  Nsat  is  of  the  order  of  10 
cm■^  It  is  interesting  to  compare  these  results  with  a  similar  process  in  aqueous  solution. 
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Gunawardena  et  al.  (7)  studied  the  electrochemical  nucleation  of  Hg  on  carbon  from  a 
0.05  M  Hg2(N03)2  solution.  They  found  that  it  was  necessary  to  apply  an  overpotential  of 
-260  mV  for  Nsjt  to  exceed  10®  cm*^. 


CONCLUSION 


The  model  developed  by  Gunawardena  et  al.  (7)  has  been  used  to  study  the 
electrodeposition  of  lead  on  glassy  carbon.  It  was  necessary  to  take  into  account  the 
nonzero  surface  concentration  of  Pb^^  at  lower  overpotentials. 

The  nucleation  was  shown  to  be  progressive  with  diffusion  controlled  growth  of  nuclei. 
Liquid  Pb  nucleates  easily  on  glassy  carbon,  as  no  nucleation  overpotential  was  observed. 
Moreover,  the  current  maximum  appeared  before  0.5  s  with  an  overpotential  of  only  -23 
mV.  The  saturation  number  density  of  nuclei  was  of  the  order  of  10®  cm'^  with  r\  between 
-15  and  -25  mV. 

The  diffusion  coefficient  calculated  from  an  analysis  of  the  nucleation  process  was  not 
consistent  with  the  value  obtained  from  cyclic  voltammetry.  While  the  former  method 
suffers  somewhat  from  lack  of  reproducibility,  the  latter  does  not  take  into  account  the 
effects  of  nucleation  at  all. 
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Figure  1.  Cyclic  voltammogram  for  0.030  M  PbCb  in  KCl-LiCl  eutectic  at  a  glassy 
carbon  electrode.  All  potentials  are  referred  to  the  lead  reference  electrode.  T  =  400°C. 
Sweep  rate  100  mV/s. 
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Figure  2.  As  figure  1,  but  with  sweep  rate  1  mV/s. 


Figure  3.  Plot  of  cathodic  peak  current  against  square  root  of  sweep  rate.  Data  from 
cyclic  voltammograms  for  0.030  M  PbCb  in  KCl-LiCl  eutectic  at  a  glassy  carbon 
electrode.  T  =  400®C.  Electrode  area  0.071  cm^. 
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Figure  4.  Potentiostatic  current  transients  for  0.030  M  PbCl2  in  KCl-LiCl  eutectic  at  a 
glassy  carbon  electrode.  Applied  potentials  (mV)  are  indicated  in  the  figure.  T  =  400°C. 


Figure  5.  The  same  transients  as  in  figure  4  plotted  as  log  i  against  log  t.  The  numbers  in 
the  legend  refer  to  the  slope  of  the  linear  fits. 
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Figure  6.  Comparison  of  experimental  non-dimensional  current  transients  with  theory 
for  determination  of  nucleation  mechanism.  Potential  :  (a)  -25  mV  and  (b)  -33  mV. 
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Thermodynamic  calculation  of  the  possibihty  of  electrochemical  synthesis 
of  Zirconium  Diboride  is  performed  in  chloride,  fluoride  and  oxide  melts. 
Voltammetric  measurements  have  been  carried  out  in  the  NaCl-KCl- 
KBF4-K2ZrF6-NaF  system.  Dense  coatings  of  Zirconium  Diboride  have 
been  obtained  on  glassy  carbon  cathodes  by  electrolysis  with  additions  of 
Boron  Oxide  in  order  to  reduce  cathodic  passivation. 

Metal-like  refractory  compounds  in  a  form  of  both  coatings  and  powder  can  be  produced 
by  high-temperature  electrochemical  synthesis  [1].  Diborides  of  different  transition  metals 
have  been  obtained  in  this  way  by  different  research  groups  [2-10],  Electrochemical 
synthesis  of  Zirconium  Diboride  was  also  studied  in  some  detail  [2,6-8].  First,  Zirconium 
Diboride  was  obtained  by  electrochemical  synthesis  from  oxide-fluoride  melts  in  the 
temperature  interval  of  1173-1273  K  by  Andrieux  [2].  However,  the  interpretation  of 
experimental  results  given  in  [2],  according  to  which  first  a  alkaU  metal  is  deposited,  and 
then  this  alkali  metal  reduces  both  oxides  of  Boron  and  Zirconium,  seems  to  be 
controversial.  The  Zirconium  Diboride  powder  has  been  synthesized  by  Anthony  and 
Welch  [6]  from  the  KBF4-K2ZrF6-B203  system  at  873  K.  Dense  coatings  of  Zirconium 
Diboride  on  cathodes  made  of  Copper,  Nickel  and  Graphite  were  obtained  by  Mellors  and 
Senderoff  [7]  from  NaF-KF-LiF-ZrF4-B203  at  1023-1073  K.  Powders  of  Zirconium 
Diboride  were  obtained  by  Gomes  et  al.  [8]  from  Na2B407-Na0H-Na3AlF6-NaCl- 
ZrSi04(Zr02)  system  at  1323  K.  The  electrochemical  behavior  of  the  FLINAK-KBF4- 
K2ZrF6  system  at  973  K  has  been  studied  by  Wendt  et  al  [9].  Authors  [9]  show,  that 
deposition  of  Zirconium  and  Boron  from  the  FLINAK  is  taking  place  in  one  step,  with  an 
immediate  formation  of  the  diboride. 

The  goal  of  this  work  was  to  study  the  possibility  of  and  conditions  for  electrochemical 
synthesis  of  Zirconium  Diboride  from  the  NaCl-KCl(50-50  %mol.)-KBF4-K2ZrF5 
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system,  as  this  system  has  the  foUowing  technological  advantages  compared  to  the  systems 
studied  before: 

i.  this  system  is  less  aggressive  compared  to  FLENAK; 

ii.  this  system  avoids  the  formation  of  anodic  gases  that  oxidize  the  cathodic 

product,  like  O2,  CO  and  CO2  in  the  oxide-fluoride  melts; 

iii.  the  system  allows  one  to  easily  wash  out  easily  the  quenched  salts  from  the 

cathodic  product,  giviug  more  precise  analysis. 

Thermodynamic  Calculations 

The  electrochemical  synthesis  can  be  written  in  ionic  form  as: 

Zr4+  +  26^'^  +  lOe  =  ZrB2  1- 

The  chemical  formation  of  the  compound  from  the  elements  can  be  written  as: 

Zr  +2B  =  ZrB2  2. 

The  criteria  for  carrying  out  the  electrochemical  synthesis  of  Zirconium  Diboride  according 
to  reaction  1  in  the  so  called  "quasi-equilibrium",  or  "stable-stoichiometry",  way  can  be 
derived  as  [10]: 

Iff  3. 

where  \E  .  -E  I  is  the  difference  of  equihbrium  potentials  of  Zirconium  and 

I  I'lr  B  }B\ 

Boron  ions  from  the  melt  at  the  given  temperature  and  composition; 
is  change  of  standard  Gibbs  energy  of  reaction  2; 
n  and  k  are  the  stoichiometric  coefiBcient  and  number  of  transferred  electrons  in  the 
electrochemical  act  for  the  more  electronegative  component  of  the 
compound  (n^r  T  ^Zr  =  4,  ng  =  2,  kg  =  3); 

F  is  the  Faraday  constant. 

Results  of  calculation  are  given  in  Table  1.  Thermodynamic  properties  of  pure  phases  are 
taken  from  handbooks  [1 1,  12]. 


Table  1.  Results  of  thermodynamic  calculations 


Salt 

T 

/Zr 

nk 

AG"., 

nkF 

way  of 
synthesis 

K 

V 

V 

V 

V 

chloride 

973 

-1.85 

-1.10 

0.75 

4 

0.79 

? 

fluoride 

973 

-4.08 

-3.55 

0.53 

4 

0.79 

"stable" 

oxide 

1273 

-2.11 

-1.66 

0.45 

4 

0.75 

"stable" 
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As  one  can  see,  comparing  columns  5  and  7  of  Table  1,  the  two  sides  of  Eq.3  are 
practically  the  same  for  the  chloride  melts;  therefore,  we  cannot  definitely  state  whether  the 
synthesis  of  Zirconium  Diboride  fi-om  chloride  melts  wiU  go  in  the  "stable  stoichiometiic", 
or  in  the  "unstable  stoichiometric"  way,  i.e.  if  the  stoichiometry  of  the  compound  will  be 
stable,  or  will  be  an  undefined  function  of  current  density  and  other  variables.  For  fluoride 
and  oxide  melts,  however,  we  can  state  with  confidence,  that  synthesis  of  Zirconium 
Diboride  is  taking  place  in  the  "stable  stoichiometric"  way,  i.e.  the  stoichiometry  of  the 
compound  will  be  stable  (1:2)  at  any  value  of  current  density  below  the  limiting  current 
density  due  difiiision  limitations  in  the  melt.  Finally  we  can  conclude,  that  in  order  to 
obtain  stable  stoichiometry  compounds  fi:om  the  chloro-fluoride  melt,  the  activity  of 
fluoride  ions  should  be  increased.  Calculations,  as  well  as  further  experiments,  proved  that 
the  addition  of  10  w%  of  NaF  in  the  equimolar  NaCl-KCl  melt  will  ensure  the  synthesis  of 
Zirconium  Diboride  in  the  "stable-stoichiometry"  way,  and  also  will  stabilize  KBFq  in  the 
melt. 


Experimental  Procedures 

Linear  voltammetry  in  the  wide  range  of  sweep  rates  (fi-om  20  mV/s  to  10  V/s)  was 
apphed  at  973  K.  Experiments  were  carried  out  in  an  atmosphere  of  purified  Argon  against 
a  Pb/KCl-2%mol  PbCl2  reference  electrode.  Glassy  carbon  was  used  as  the  crucible,  which 
also  served  as  the  counter-electrode.  Cylindrical  glassy  carbon  with  a  surface  area  of  S  = 
0. 5-0.7  cm^  was  used  as  the  working  electrode.  Ions  of  Zirconium  and  Boron  were  added 
to  the  equimolar  NaCl-KCl+10  w%  NaF  melt  in  form  of  compounds  K2ZrF6  and  KBFq. 

Electrolysis  experiments  were  carried  out  in  the  hermetic  quartz  crucible,  in  the  atmosphere 
of  purified  Argon.  A  graphite  crucible,  also  serving  as  anode,  was  used.  Cylindrical  glassy 
carbon  served  as  cathode  for  electrolysis.  Current  was  apphed  to  the  anode  and  cathode  by 
cylindrical  Mo  and  W.  The  cathodic  product  was  washed  after  the  electrolysis  in  water  and 
HF  solutions. 


Results  of  the  Voltammetric  Experiments 

On  the  cathodic  part  of  the  voltammogramm  obtained  from  the  NaCl-KCl-K2ZrF6-NaF 
system  (Fig.  1.)  the  wave  more  electropositive  than  the  wave  corresponding  to  deposition  of 
the  alkah  metals  has  been  observed.  This  wave  corresponds  to  the  one-step,  irreversible 
deposition  of  Zirconium: 

Zr4+  +  4e  =  Zr  4. 

This  result  is  in  agreement  with  results  of  [9,14].  Similarly,  in  the  NaCl-KCl-KBFq-NaF 
system  (Fig.  2.)  one  cathodic  wave  was  observed  (at  more  electropositive  potentials  than 
the  potential  of  alkali  metal  reduction),  which  obviously  corresponds  to  the  one-step, 
irreversible  deposition  of  Boron. 

B3+  +  3e-B  5. 
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The  results  of  Fig.2.  are  in  agreement  with  data  of  [15].  Comparing  Figs  1  and  2,  one  can 
find,  that  the  deposition  of  Boron  is  taking  place  at  more  electropositive  potential  than  the 
deposition  of  Zirconium  by  about  150  -200  mV. 

The  results  of  voltammetry  in  the  complex  melt  NaCl-KCl-K2ZrF6-KBF4-NaF  are  given 
in  Fig. 3.  Again,  one  very  sharp  cathodic  wave  is  observed,  at  a  potential  more 
electropositive  than  for  Zirconium  (by  about  300  mV)  and  for  Boron  (by  about  100  -  150 
mV).  Potentiostatic  electrolysis  was  performed  at  this  potential.  As  proven  by  X-ray 
analysis.  Zirconium  Diboride  has  been  formed.  As  one  can  see  on  the  anodic  part  of  the 
curve,  the  electrochemical  synthesis  of  Zirconium  Diboride  is  taking  place  irreversibly. 

Finally,  based  on  the  analysis  of  Figures  1,  2  and  3  we  can  conclude,  that  the 
electrochemical  synthesis  of  Zirconium  Diboride  fi-om  NaCl-KCl-K2ZrF6-KBF4-NaF  melt 
at  973  K  takes  place  in  one  irreversible  step. 


Results  of  Electrolysis  Experiments 

First,  electrolysis  was  carried  out  in  NaCl-KCl(50-50  %mol.)-KBF4(5-10  w%)-K2ZrF6(5- 
10  w%)-NaF(10  w%)  melt  at  973-1073  K  in  the  range  of  current  densities  of  0.05-0.5 
A/cm^  on  the  glassy  carbon  cathode.  It  was  impossible  to  obtain  dense  coatings  in  these 
experiments.  In  our  opinion,  this  was  due  to  passivation  of  the  cathodic  surface  by  low- 
valent,  low-soluble  Zirconium  compounds,  like  KZrF4  [16],  or  ZrF  [17].  Obviously,  this  is 
the  same  reason  coatings  were  not  obtained  in  experiments  by  Wendt  et  al  [18], 

In  order  to  reduce  the  passivation  of  the  cathode  surface,  5  w%  of  B2O3  was  added  to  the 
melt.  In  this  NaCl-KCl(50-50  %mol.)-KBF4(5-10  w%)-K2ZrF6(5-10  w%)-NaF(10  w%)- 
B203(5  w%)  melt,  coatings  of  Zirconium  Diboride  have  been  obtained  in  the  interval  of 
current  densities  0,05-0.5  A/cm^.  The  thickness  of  the  coating  obtained  was  15-20  pm. 
The  structure  of  the  coatings  is  layered,  probably  due  to  some  passivation  of  the  surface  of 
the  grains  [13].  Morphology  of  the  coatings  are  given  in  Fig.4.  Photography  of  the 
micro-section  is  shown  in  Fig.  5. 

At  high  current  densities  of  0.3 -1.0  A/cm^  in  the  system  KC1-KF-KBF4(15  w.  ^)- 
K2ZrF6(15  w.%)-NaF(10  w%)  at  923  K,  powders  of  Zirconium  diboride  have  been 
obtained.  Powders  obtained  at  0.5  A/cm^  are  shown  in  Fig.  6. a  and  6.b.  As  seen,  crystals 
have  no  defined  form,  and  a  size  of  20-60  pm.  Comparing  them  to  the  crystals  of  metalUc 
Zirconium  obtained  fi:om  electrolysis  of  KCl-KF-K2ZrF5(15  w.%)  at  923  K  (see  Fig.  6.c 
and  6.d),  one  can  see  a  definite  difiference  between  them.  Crystals  of  Zirconium  metal  are 
mostly  dendritic  with  a  length  of  800-  1000  pm  and  width  of  60-80  pm. 
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Conclusions 


Based  on  thermodynamic  calculations  and  voltammetric  and  electrolysis  experiments,  we 
can  conclude,  that  the  electrochemical  synthesis  of  Zirconium  Diboride  from  chloro- 
fluoride  melts  takes  place  in  an  one-step,  irreversible  electrochemical  process.  Zirconium 
Diboride  of  stable  stoichiometry  can  be  obtained  in  a  wide  range  of  current  densities.  From 
chloro-fluoride  melts,  however,  only  Zirconium  Diboride  in  form  of  powders  can  be 
obtained,  due  to  passivation  of  cathodic  surface  by  low-soluble,  low-valent  Zirconium 
compounds.  In  order  to  obtain  Zirconium  Diboride  coatings,  Boron  Oxide  should  be  added 
to  eliminate  passivation. 
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Fig.  1.  Cyclic  voltammogramm  measured  in  the  system  NaCl  -  KCl  - 
-K2ZrF6(I0"‘  mol  cm‘^)-NaF(7xlO  '^  mol  cm'^)  at  the  scan  rate  of  0. 1  V/s  at  973  K 


Fig.  2.  Cychc  voltammogramm  measured  in  the  system  NaCl  -  KCl  - 
KBF4(2x10  '^  mol  cm'^)-NaF(6x  lO"*  mol  cm'^)  at  the  scan  rate  of  0. 1  V/s  at  973  K 
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Fig.  3.  Cyclic  voltainmogramm  measured  in  the  system  NaCl-KCl-K22rF5(6.3xlO mol 
cm'^)-  KBF4(9.3xIO'‘^  mol  cm'^)-NaF(6.3xlO''^  mol  cm'^)  at  the  scan  rate  of  O.I  V/s  at  973 


carbon  (x30). 
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Fig.  5.  Microsection  of  the  electrochemically  deposited  ZrB2  on  glassy  carbon  (x  1 500). 
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High-temperature  interaction  of  Boron  Oxide  with  Aluminum 
Fluoride  has  been  studied  by  infrared  spectroscopy  and 
derivatography.  The  formation  of  volatile  Boron  Fluoride,  and 
some  complex  Aluminum-Boron  Oxides  has  been  found,  which 
have  a  stabilizing  effect  on  Boron  at  a  molar  ratio  of  Boron  Oxide 
to  Aluminum  Fluoride  1:2  and  lower. 

For  production  of  Aluminum  pre-alloys  in-situ  by  electrolysis  of  cryolite  melts, 
oxides  of  the  alloying  elements  (Si02,  Ti02,  B2O3,...)  are  added  to  the  melt  [1]. 
However,  oxides  of  Boron  and  Silicon  interact  with  Aluminum  Fluonde  with  a 
formation  of  volatile  fluorides  BF3  and  SiF4  [2,3].  In  the  present  work,  we  studied 
in  detail  the  interaction  of  Boron  Oxide  with  Aluminum  Fluonde  by 
derivatography  of  the  B2O3-AIF3  system.  Infrared  spectra  of  the  rapidly  quenched 
B7O3-AIF3  salts  heated  to  different  temperatures  were  also  taken.  Information 
obtained  can  also  be  used  for  developing  an  in-situ  electrochemical  synthesis 
method  for  producing  Titanium  Diboride  cathodic  layer  from  cryolite  based  melts. 

Thermodynamic  Calculations 


Thermodynamic  calculations  are  performed  for  exchange  reactions  between  Boron 
Oxide  and  Aluminum  Fluoride,  with  formation  of  simple  AI2O3  and  also  wUh 
formation  of  complex  Aluminum -Boron  oxides  with  different  molar  ratios  of  B2O3 
to  A1':)03  (hereinafter  called  "complex  molar  ratio"  or  CMR)  of  1:2  and  2:9. 
Thermodynamic  properties  of  phases  are  taken  from  handbooks  [4.5].  Results  of 
calculations  are  given  in  Table  1.  As  Table  1  shows,  the  change  of  standard  Gibbs 
energies  of  the  exchange  reactions  are  positive  at  low  temperatures,  and  become 
negative  at  higher  temperatures  (the  temperature  at  which  the  standard  Gibbs 
energy  becomes  zero  is  called  hereinafter  as  "zeroG  temperature  ).  As  activities  of 
all  the  solid  and  liquid  phases  given  in  Table  1  can  be  taken  as  approximately  1,  the 
vapor  pressure  of  the  product  Boron  Fluoride  will  reach  the  outside  pressure  of  1 
bar  at  the  zeroG  temperature.  Hence,  at  this  temperature,  massive  losses  of  Boron 
in  the  form  of  Boron  Fluoride  are  expected.  As  shown  in  Table  1,  the  zeroG 
temperature  is  850  K  when  the  complex  oxide  product  has  the  highest  complex 
molar  ratio  (1:2),  and  becomes  higher  at  lower  complex  molar  ratios,  being  910  K 
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for  a  complex  molar  ratio  of  2:9,  and  970  K  for  a  complex  molar  ratio  of  0:1 
(actually  for  simple  AI2O3). 


Table  1.  Change  of  standard  Gibbs  energy  of  possible  reactions  in  the  B2O3-AJF3 
_ _ system  at  different  temperatures _ _ _ 


Reaction 

T/K 

AG^/k 

reaction  A 

2A1F3(s)  +  B203(1)  =Ab03(s)  +  2BF3(g) 

773 

95 

873 

40 

970 

0 

973 

-2 

1073 

-33 

reaction  B 

4A1F3(s)  +  3B203(1)  =  Al4B209(s)  +  4BF3(g) 

773 

53 

850 

0 

873 

-8 

973 

-51 

reaction  C 

18A1F3(s)  +  1  1B203(1)  =  A1 1864033(5)  +  18BF3(g) 

773 

385 

873 

98 

910 

0 

973 

-185 

1023 

-324 

Experimental  Techniques 

Chemically  pure  H3BO3  and  AIF3  were  used  for  experiments.  The  amounts  of  the 
two  components  were  taken  such,  that  the  molar  ratio  of  B2O3  (to  be  formed  at 
higher  temperature  from  the  originally  used  H3BO3)  to  AIF3  was  2:1,  1:1  and  1:2 
(this  ratio  is  called  hereinafter  "experimental  molar  ratio",  or  EMR).  The  sample 
powders  were  carefully  mixed  before  experiments.  Derivatogramms  were  taken  on  a 
derivatograph  OD-102  with  a  heating  rate  of  10  oC/min,  to  the  maximum 
temperature  of  1000  ^C.  Pure  alumina  was  used  as  reference  material  in  the 
derivatograph.  Other  samples  were  heated  to  different  temperatures  (up  to  950  ^C), 
kept  at  the  given  temperature  for  30  minutes,  then  quenched.  Quenched  samples 
were  pressed  into  disks  made  of  Potassium  Bromide.  Infrared  spectra  of  the 
samples  were  measured  on  a  spectrometer  SPECORD  M-80  in  a  range  of  200-4000 
cm-^  Characteristic  frequencies  for  some  molecules  of  importance  for  this  study  are 
given  in  Table  2. 


Table  2.  Characteristic  frequencies  for  some  molecules  fcm~^) 


Molecule 

VI 

p - - 1 

V2 

V3 

V4 

Literature 

H^B03 

1060 

668-648 

1490-1428 

545 

8 

B2O3 

_ 

- 

1330-1310 

- 

9 

BF3 

888 

718 

1505 

482 

8 

AIF3 

- 

544 

665 

360 

7 

AJ9O3 

860 

786 

660-620 

462  n 

12 
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Results  of  Experiments  and  Discussion 


Derivatogramms  of  mixtures  with  three  different  experimental  molar  ratios  are 
given  in  Fig.l.  Mass  losses  in  %  found  from  low-temperature  and  high-temperature 
parts  of  the  derivatogramms  are  given  in  Table  3  (columns  3  and  5).  Infrared 
spectra  of  the  quenched  samples  previously  heated  to  different  temperatures  are 
given  in  Fig.2. 

The  low  temperature  parts  of  all  three  derivatogramms  are  identical.  One  can 
observe  two  endothermic  processes  accompanied  by  some  mass  loss  at  170  and  236 
OC  on  each  derivatogramm.  These  two  low-temperature  processes  are  obviously  due 
to  loss  of  water  by  H3BO3  in  the  following  two  steps  [6]: 

H3BO3  =  HBO9  +  H2O  1. 

2  HBO2  =  B2O3  +  H2O  2. 

In  columns  2  and  3  of  Table  3  the  low  temperature  mass  losses  are  given  as 
calculated  for  reaction  1  and  2,  and  as  measured  from  derivatogramms  of  Fig.l .  As 
follows  from  comparison  of  calculated  and  measured  data,  the  calculated  and 
measured  mass  losses  are  identical  for  low  B2O3  content.  For  high  B2O3  content, 
however,  there  is  a  higher  mass  loss  measured  than  expected,  probably  due  to  some 
extra  water  content  of  the  initial  salts.  The  nature  of  low-temperature  mass  losses 
can  also  be  understood  from  comparison  of  spectrum  in  Fig.2. 1  (taken  without  pre¬ 
heating)  with  other  spectra  (taken  with  high-temperature  pre-heating),  showing  the 
disappearance  of  peaks  corresponding  to  the  OH-  group  and  H3BO3.  It  should  be 
noted,  that  the  peaks  disappear  only,  if  the  B2O3  is  complexed  at  high  temperatures 
(see  details  below).  Finally  we  can  conclude,  that  above  236  the  sample  does  not 
contain  any  more  H3BO3  and  therefore  all  the  processes  above  236  refer  to 
interaction  between  B2O3  and  AIF3. 


Table  3.  Calculated  and  measured  mass  losses  in  %  for  3  derivatogramms  (Fig.  1 .) 

("low  T"  is  calculated  from  Reactions  1 , 2;  measured  values  taken  as  average 
between  250  and  600  ^C;  "high  T"  is  calculated  based  on  Table  4.;  measured  values 
taken  as  the  difference  between  mass  at  900  and  mass  at  600  ®C;  "high  T  diff.  is 


EMR 

a  ainerence 
low  T,  calc. 

;  ueiwccii  iiicaa 

low  T, 
meas. 

lUicu  auss 

high  T, 
calc. 

high  T, 
meas. 

high  T 
diff. 

2:1 

-24,4  % 

-30  ±  2  % 

-23,0  % 

-  27  ±  4  % 

-  4  ±  4  % 

1:1 

-19,0% 

-21  ±  1  % 

-35.8  % 

-37  ±  2  % 

-  1  ±  2  % 

1:2 

-13.2% 

-13  ±  1% 

-49.6% 

-36±2%  ^ 

-i-  14±2% 

At  higher  temperatures  (above  650  °C)  on  derivatogramms  of  Fig.l.  one  can 
observe  one  (for  Fig.  1.1.),  or  several  (Fig.  1.2.  and  1.3.)  endothermic  peaks, 
accompanied  by  mass  loss.  Those  peaks  obviously  correspond  to  chemical  reactions 
listed  in  Table  1,  leading  to  formation  of  gaseous  Boron  Fluoride.  As  a  simplest 
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case,  amounts  of  products  are  calculated  in  Table  4  supposing  reaction  A  of  Table  1 
is  totally  shifted  to  the  right,  and  no  complex  formation  between  AI2O3  and  B2O3 
is  taking  place  (i.e.  no  reaction  B  or  C  of  Table  1).  The  high-temperature  mass  loss 
calculated  based  on  this  simplified  model  is  given  in  column  4  of  Table  3.  Column  5 
of  Table  3  presents  the  experimental  values  of  high  temperature  mass  losses, 
measured  from  derivatogramms  of  Fig.  1 .  between  temperature  range  of  600  and  900 
OC.  In  the  last  column  of  Table  3  the  difference  between  measured  and  calculated 
high-temperature  mass  losses  are  given.  One  can  see,  that  for  experimental  molar 
ratios  of  2:1  and  1:1  the  difference  is  negligible,  hence  probably  indeed  reaction  A  is 
taking  place.  This  is  obvious  also  from  the  fact  that  the  first  high-temperature 
endothermic  peaks  on  Figs  1.1.  and  1.2  appear  at  703  and  700  accordingly, 
while  the  zeroG  temperature  of  reaction  A  appears  practically  at  the  same 
temperature  (970  K  =  697  -  see  Table  1).  However,  for  an  experimental  molar 

ratio  of  1:2,  the  measured  weight  loss  is  less  by  14  %  than  expected  from  reaction  A 
(see  last  column,  last  raw  of  Table  3).  Recalculating  the  14  %  to  the  weight  of  B2O3 
in  the  sample,  one  can  find,  that  about  40  %  of  B2O3  is  remaining  in  the  system 
against  0  %  predicted  by  Reaction  A  (see  last  row  of  Table  4).  Then,  the  molar  ratio 
of  remaining  oxides  in  the  sample  is  1:1.5,  which  is  between  the  complex  molar 
ratios  1:2  [4]  and  of  1:1  [11],  or  single  AI2O3.  Hence,  obviously  a  mixture  of 
complexes  (and  also  pure  alumina)  is  formed,  i.e.  instead  of  the  single  reaction  A,  in 
fact,  some  complex  processes  involving  reaction  A,  B  and  C  are  taking  place.  This  is 
also  obvious  from  the  fact  that  the  first  high-temperature  peak  in  Fig.  1.3.  appears 
at  675  OC,  which  is  between  the  zeroG  temperatures  of  reaction  A,  B  and  C. 


Table  4.  Calculation  of  the  products  of  reaction  supposing  only  reaction  A  of  Table 
_ 1  is  active  and  is  shifted  totally  to  the  right _ _ 


EMR 

reactants 

products 

CMR 

2:1 

2  +  1  AIF"? 

1.5  B^O^  +0.5  Al'fO'k-i-  1  BF3 

3:1 

1:1 

1  +  1  AIF^ 

0.5  B^O^  +  0.5  AI7O-;  +  1  BFi 

1:1 

1:2 

B7O3  -1-  2  AIF3 

0  B^O^  +  1  AbOi  +  2  BF^  (*) 

0:1 

*-  in  reality,  about  0.4  B2O3  +  0.6  AI2O3  -t-  1.2  BF3  +  0.8  AIF3  is  formed  (see 
Table  3,  last  column,  lasf  row),  hence  the  real  CMR  is  1:1.5. 


The  above  conclusions  based  on  derivatogramms  are  also  verified  by  infrared 
spectra.  For  an  experimental  molar  ratio  of  2:1  the  spectra  are  shown  in  Fig  2.2. 
and  2.3  for  760  and  950  heat  treatment.  Comparing  Fig.  2.2  with  Fig.2.1. 
(received  without  heat  treatment),  one  can  see  the  followings: 

i.  the  low  frequency  peak  at  360  cm"'  of  Fig.2.1 .  corresponding  to  AIF3 

disappears; 

ii.  the  high  frequency  peak  above  3000  cm'C  corresponding  to  OH-  group  of 

H3BO3,  is  still  present,  although  with  slightly  lower  intensity; 

iii.  the  peak  at  1450  cm  corresponding  to  H3BO3,  is  still  present, 

although  with  lower  intensity; 

iv.  there  is  a  pourly  defined  peak  between  400  and  900  cm"*,  corresponding 

probably  to  AI2O3  that  may  be  partly  complexed  by  B2O3. 
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The  spectra  for  the  experimental  molar  ratio  of  2: 1  with  a  heat  treatment  at  950 
(Fig.2.3)  is  quite  different  from  the  spectra  of  the  same  system  preheated  to  760  C 
(Fig.2.2).  Before  listing  differences  it  should  be  noted,  that  there  is  no  peak  for 
AlFi  in  Fig.2.3.  either,  i.e.  the  two  experiments  are  identical  for  the  AJF3 
disappearance  from  the  system.  Fig.2.3.  differs  from  Fig.2.2.  in  the  following:  in 
Fig.2.3 

i.  there  is  no  peak  for  the  OFl-  group; 

ii.  there  is  no  peak  for  H3BO3; 

iii.  there  are  new,  very  well  defined  peaks  at  around  600,  800,  and 

1300-1350  cm'^  frequency  regions,  which  probably  correspond  to 

deformed  peaks  of  AI2O3  and  B2O3. 

Hence,  at  higher  temperatures  just  0.5  mole  of  AI2O3  seems  to  stabilize  all  the  1.5 
mole  of  B9O3.  This  result  is  surprising,  because  the  well  known  phases  between 
Boron  oxide  and  Aluminum  oxide  have  complex  molar  ratios  of  1:2  and  2:9  [4],  but 
not  3:1.  On  the  AI2O3  -  B2O3  phase  diagram  given  in  [11]  one  more  compound 
with  complex  molar  ratio  of  1:1  is  also  given  (so  called  "eremeevit  ).  Therefore, 
based  on  our  results,  we  can  conclude,  that  there  should  be  a  high-temperature 
phase  with  the  B2O3  to  Ab03  molar  ratio  of  3:1,  which  might  be  metastable  at 
room  temperature  (and  therefore  not  seen  on  phase  diagrams),  but  still  is  able  to 
stabilize  B2O3  if  rapidly  quenched. 

For  an  experimental  molar  ratio  of  1:1,  the  spectra  are  shown  in  Fig  2.4,  2.5  and  2.6 
for  720,  760  and  950  °C  heat  treatment.  As  seen  from  infrared  spectrum  of  Fig. 2.4, 
at  720  OC  the  reaction  A  is  not  shifted  totally  to  the  right,  as  a  medium  intensity 
peak  of  AIF3  can  still  be  observed.  At  slightly  higher  temperature  760  (Fig.2.5) 

the  peak  of  AIF3  has  practically  disappeared.  The  0.5  mole  of  AI2O3  fomed  might 
form  a  1:1  complex  oxide  with  the  remaining  amount  of  0.5  mole  of  B2O3.  At 
higher  temperature  this  1:1  complex  can  dissociate  to  the  3:1  complex  (see  above) 
and  1:2  or  2:9  complexes  (see  [4]  and  Table  4).  The  total  complex  formation  of  the 
remaining  salt  can  be  well  seen  in  the  spectrum  (Fig  2.6)  of  the  salt  preheated  up  to 
950  OC. 

For  an  experimental  molar  ratio  of  1:2  the  spectra  are  shown  in  Fig  2.7,  2.8,  and  2^9 
for  760  900  and  950  °C  heat  treatment.  As  was  shown  before,  in  this  case  the 
complex  formation  between  AI2O3  and  B2O3  will  partially  prevent  the  formation 
of  gaseous  Boron  Fluoride.  The  formation  of  complexes  can  be  well  seen  on  the 
spectra. 


Conclusions 

1 .  The  gaseous  Boron  Fluoride  is  formed  at  about  700  °C,  or  at  lower  temperature 

in  excess  of  Aluminum  Fluoride.  •  r  r, 

2.  The  high-temperature  complex  oxide  phase  is  found  with  molar  ratios  01  Boron 
Oxide  to  Aluminum  Oxide  3:1,  which  forms  at  about  900  °C,  and  is  metastable  at 
lower  temperatures. 
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3.  The  formation  of  complex  Aluminum-Boron  oxides  can  partially  prevent  Boron 
losses  due  to  Boron  Fluoride  formation  in  excess  Aluminum  Fluoride.  When  the 
Aluminum  Floride  to  Boron  Oxide  molar  ratio  is  2:1,  about  40  %  of  Boron  Oxide  is 
kept  in  the  system  in  form  of  complex  oxides  up  to  950  *^0. 
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T  =  900“C 

2.9. 

B203:A1F3=  1:2 
T  -  950"C 


Fig.  2.  Infrared  spectra  of  rapidly  quenched  salts  of  the  B203:AJF3  system. 
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Lanthanum  -  nickel  alloy  films  can  be  formed  on  a  nickel  substrate  by  electrolysis 
in  eutectic  KCl  -  LiCl  molten  salts  with  both  1.5  mol%  La203  and  18  mol% 
NH4CI  or  in  eutectic  KCl  -  NaCl  molten  salts  with  10  moI%  LaCl37H20.  An 
alloy  film  of  30  pm  thickness  was  obtained  by  this  electrolysis  at  923  K  for  1 
hour.  The  composition  of  the  alloy  films  depends  on  the  temperature,  consisting 
of  LaNii,  La2Ni7  and  LaNi5  at  less  than  923  K  and  LaNi5  at  more  than  923  K. 
The  vickers  hardness  of  the  alloy  films  obtained  by  this  method  was  less  than 
that  of  the  commercial  LaNi5  ingot  specimen.  The  alloy  films  show  better 
hydrogen  absorption  behavior  in  the  early  stage,  better  charge  -  discharge 
behavior  and  less  pulverization  compared  to  the  LaNi^  ingot. 


INTRODUCTION 

Nickel  -  Hydrogen  absorbing  alloy  batteries,  with  an  electromotive  force  the  same  as 
Ni  -  Cd  batteries,  have  higher  energy  density  by  1.5-2  times  than  the  latter  battery.  Moreover, 
since  the  reaction  product  is  only  water.  Nickel  -  Hydrogen  absorption  alloy  batteries  are 
excellent  in  terms  of  low  environmental  impact. 


A  LaNi5  alloy  is  used  as  an  active  material  for  a  negative  electrode  in  Nickel  -  hydrogen 
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batteries.  The  degradation  due  to  the  brittleness  of  expansion  with  hydrogen  absorption, 
however,  decays  the  battery  properties.  Recently,  partial  substitution  of  Al,  Co  or  Mn  for 
Ni  is  found  to  have  good  charge  -  discharge  properties  and  to  inhibit  this  degradation  (1),(2). 

Though  LaNi^  source  can  be  commercially  mass-produced  in  a  high  frequency-induced 
furnace  because  of  high  melting  points  of  La  and  Ni,  lanthanum  is  rare  and  noble  mineral 
resource  and  refining  of  La  metal  is  too  expensive.  Substitution  of  other  elements  for  La  is 
carried  out  in  practice.  Misch  metal,  cheaper  than  La,  is  used  instead  of  La  for  good  cost 
performance.  On  the  other  hand,  it  is  considered  that  the  use  of  thin  film  reduces  the  amount 
of  LaNi.s  needed,  and  the  material  diffusion  in  films  occurs  better. 

Electrolysis,  electroplating  and  electrodeposition  are  usual  methods  in  surface 
modification  technique  for  metallic  materials.  As  the  temperature  for  electrolysis  in  molten 
salts  is  much  higher  than  that  in  aqueous  solutions,  the  deposited  metal  can  be  sometimes 
alloyed  with  the  substrate.  The  capability  for  forming  alloys  depends  on  the  affinity  between 
metals  and  the  temperature.  In  this  paper,  La  -  Ni  alloy  phases  were  formed  onto  Ni  sheets 
under  controlled  cathodic  currents  in  molten  salts.  Formed  films  were  tested  for  their 
hydrogen  absorption  property,  charge  -  discharge  behavior,  hardness,  structure  and  the  effect 
of  the  condition  of  electrolysis. 


EXPERIMENTAL 


Two  electrolysis  in  molten  salts  were  prepared.  One  was  eutectic  KCl  -  NaCl  molten 
salts  with  10  mo!%  LaCl37H20,  denoted  as  bath  (a).  The  other  was  eutectic  KCl  -  LiCl 
molten  salts  with  both  1 .5  mol%  La203  and  18  mol%  NH4CI,  bath  (b).  All  chemicals  were 
commercial  high  purity.  The  latter  bath  was  heated  for  4  hours  at  623  K  after  pre-drying  for 
24  hours  at  353  K,  in  order  to  form  a  LaCl3  as  in  the  following  reaction(3); 

La203  +  6  NH4CI  ^  2  LaCl3  +  6  NH3  +  3  H2O  1 1  ] 

The  electrolysis  is  carried  out  after  preheating  at  1073  K  for  1  hour  to  remove  moisture 
in  the  molten  salts.  Cathodic  polarization  curves  are  measured  for  the  Ni  electrode  in  the 
molten  salts.  The  counter  electrode  is  a  carbon  rod,  and  a  reference  electrode  is  an  Ag 
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electrode  in  equimolar  NaCl  -  KCl  with  0.1  M  AgCl  in  a  mullite  tube. 

In  electrolysis,  a  Ni  sheet  in  the  size  of  15  mm  square  with  a  thickness  of  0.1  mm  is  used 
as  a  cath(Hle  electrode.  Before  La  electrolysis,  every  Ni  cathode  is  preheated  in  the  molten 
salts  for  30  min.  to  remove  the  stress  in  the  Ni  electrode.  Pre-electrolysis  is  performed  by 
using  another  Ni  cathode  at  -  1 .5  V  for  20  min.  to  remove  contaminations  and  water  from 
the  molten  salts.  Then,  lanthanum  is  deposited  in  the  potential  region  between  -  1.2  V  and 
-  2.0  V  with  a  total  charge  of  32  C.  Lanthanum  -  Nickel  alloy  films  were  electrolyzed  at  O.I 
Acm-2  in  bath  (a)  at  923  K  -  1073  K  for  400  s  to  estimate  the  effect  of  temperature  on  the 
films.  Every  electrolysis  was  carried  out  under  argon  atmosphere.  Deposits  ware  analyzed 
by  X  -ray  diffraction  (XRD),  EPMA,  SEM  observation  and  a  microvickers  hardness  test. 

Hydrogen  absorption  into  alloys  during  charge,  and  hydrogen  desorption  during 
discharge,  were  evaluated  in  30  %  KOH  solution  at  298  K  for  comparison  with  commercial 
LaNi5  ingot.  They  were  performed  under  galvanostatic  condition  with  cathodic  and  anodic 
current  densities  of  10  mAcm'^. 

H^'drogen  gas  evolved  on  the  cathode  was  collected  in  a  buret.  Absorbed  hydrogen, 
equal  to  the  charging  electricity,  Qc  (C),  was  calculated  by  the  following  equations. 

M  +  mH20  +  me-  M  -I-  mH(ad)  +  mOH-  MHm-n(int)  +  n/2  H2  +  mOH-  [2] 

Q,  =  zF(m-n)  -  it-2FPV/RT 

M:LaNi5,  0^;:amount  of  absorbed  hydrogen,  z:valence,  F:Faraday  constant,  iicurrent,  t:time, 
P:pressure,  V:volurac  of  hydrogen  collected  in  the  buret,  R:gas  constant,  T:temperature 

Charge  -  discharge  characteristics  in  alkaline  solution  were  evaluated,  in  the  unit  of 
coulomb  by  calculating  the  ratio,  /  Qd.  where  Qd  (C)  corresponds  to  the  amount  of 
desorbed  hydrogen  during  discharging. 


RESULTS  AND  DISCUSSIONS 
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Formation  of  LaNi5 

The  cathodic  polarization  curves  for  a  nickel  electrode  in  molten  salts  of  bath  (a)  with 
10  mol%  LaCl37H20,  bath  (b)  with  1.5  mol%  La203  and  18  mol%  NH4CI  and  (c)  without 
La  ions  at  973  K  arc  shown  in  Fig.  1.  In  the  molten  salts  with  La  ions,  cathodic  current 
peaks  appear  in  the  potential  region  from  -  1.7  V  to  -  2.0  V.  These  peaks  correspond  to  the 
deposition  of  La.  In  XRD  results  on  the  Ni  surface  electrolyzed  at  -  2.0  V  in  bath  (b) ,  LaNi.s 
was  detected  on  the  surface.  The  plateau  at  potentials  between  -1.7  V  and  -2.0  V  in  bath  (b) 
results  from  the  diffusion  limitations  of  La  ion  because  of  the  lower  concentration  of  La 
ions,  3  mol%,  versus  bath  (a),  10  mol%. 

Figure  2  shows  an  alloy  phase  of  La  and  Ni  in  the  cross  section  of  the  nickel  film 
cathode  with  a  thickness  of  100  pm,  electrolyzed  with  a  current  density  of  0.02  Acm-2  for 
1  hour  in  bath  (b).  This  film  thickness  is  less  dependent  on  the  temperature  and  duration  of 
electrolysis  and  is  approximately  constant  at  25  -  30  pm  below  923  K.  The  EPMA  line 
analysis  of  La  and  Ni  shows  the  constant  content  of  La  and  Ni  in  the  alloy  layer,  corresponding 
to  LaNi^.  The  alloy  film  formed  at  773  K  is  LaNi3  from  XRD  results.  The  result  that  the  Ni 
content  in  alloy  films  electrolyzed  at  923  K  is  richer  than  that  at  773  K  is  caused  by  the 
temperature  dependence  of  the  diffusion  rate  in  the  solid  alloy  film.  Figure  2(3)  shows  the 
result  of  EPMA  for  a  deposit  which  was  electrolyzed  at  923  K  for  1  hour  and  then  cooled 
rapidly  from  923  K  to  473  K  in  the  rapid  Ar  gas  flow.  Lanthanum  content  in  the  surface 
region  is  higher  than  that  in  the  layer.  This  behavior  shows  that  La  diffusion  takes  place  at 
the  beginning  of  electrolysis  and  continues  until  low  temperatures  during  cooling  after 
electrolysis.  However,  in  the  case  of  rapid  cooling,  since  La  diffusion  cannot  have  occurred 
sufficiently,  La  content  in  the  surface  region  is  high.  Moreover,  the  difference  in  formation 
between  LaNi5  and  LaNi3  can  also  be  caused  by  the  difference  between  the  liquid  state  and 
the  solid  state.  Since  the  melting  point  of  LaNi3  is  lower  than  that  of  LaNi^,  from  the  La  - 
Ni  binary  phase  diagram  (3),  LaNi3  can  be  removed  and  depart  from  electrode  surface  at 
high  temperature  easily  while  LaNi5  remains  on  the  electrode  surface  at  high  temperature. 

Figure  3  shows  XRD  analysis  for  La  -  Ni  alloy  films  electrolyzed  in  bath  (a)  at  different 
temperatures  for  400  s.  Ail  diffractograms  show  LaNi5,  Ni  and  LaOCl  diffraction  peaks. 
LaOCl  is  due  to  the  oxidation  products  from  LaCl3  with  H2O  and/or  O2  during  drying  the 
molten  salts,  and  it  may  be  included  in  films  during  electrolysis  and/or  may  be  produced 
from  LaC!3  with  fLO  and  O2  in  Ar  gas  during  cooling  in  the  cell  after  electrolysis. 
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Lanthanum  and  nickel  contents  in  films  formed  in  bath  (a)  at  923  K  -  1073  K  are  shown 
in  Fig.  4.  The  La  contents  are  approximately  constant  and  the  profiles  of  La  in  films  are 
similar  to  Fig.  2.  Lanthanum  contents  on  the  surface  evaluated  by  EDX  were  28  at%,  20 
at%,  18  at%  and  12  at%,  respectively.  Lanthanum  content  in  the  film  electrolyzed  at  1073 
K  was  less  than  the  stoichiometric  value  of  16.7  at%  in  LaNi^.  Since  LaNi3  formed  at  773 
K  and  LaNi^  formed  at  923  K,  as  shown  in  Fig.  2,  mutual  diffusion  velocities  of  La  and  Ni 
are  slow  at  low  temperature,  it  seems  that  the  excess  La  over  LaNi5  exists  on  the  surface  at 
the  temperature  less  than  1023  K. 


Current  efficiencies  calculated  from  weight  gain,  using  the  alloy  thickness,  for  the  alloys 
electrolyzed  at  923  K,  973  K,  1023  K  and  1073  K  in  bath  (a)  were  10.3,  38.5,  9.7  and  4.3, 
respectively.  The  low  values  of  current  efficiency  are  mainly  contribute  to  La  remelting 
into  the  molten  salts  in  the  style  of  La  -  Ni  alloy.  The  melting  point  of  La  -  Ni  alloy  containing 
Ni  between  10  at%  and  40  at%  is  about  900  K  (4),  which  is  lower  than  electrolysis 
temperature.  Moreover,  La2Ni3,  La2Ni40  and  La203  were  detected  by  XRD  in  the  molten 
salts  after  electrolysis.  This  evidence  shows  that  La  remelts  into  the  molten  salts.  Therefore 
the  thickness  of  alloy  films  is  less,  and  the  current  efficiencies  are  low. 

Surface  morphology  of  alloy  films  formed  at  923  K,  973  K,  1023  K  and  1073  K  for  400 
s  in  bath  (a)  were  shown  in  Fig.  5.  Maximum  grain  size  formed  at  1073  K  was  about  8  pm 
and  the  grain  size  reduced  with  decreasing  in  electrolytic  temperature.  Therefore,  the  grain 
size  depends  on  cooling  history  and  grains  grew  during  cooling  in  cell.  Deposits  formed  at 
higher  temperature  than  1023  K  showed  brightness.  On  the  other  hand,  deposits  at  lower 
temperature  showed  dark  and  non-bright  feature  because  of  fine  grains. 

Hydrogen  absorption  property 

Cathodic  charge  for  reduction  of  hydrogen  ion  at  a  current  density  of  10  mAcm’^  in  30 
%  KOH  solution  was  compared  for  Ni  sheets  electrolyzed  in  bath  (a),  LaNi.s  ingot  and  raw 
Ni  sheet  without  any  activation  pretreatment.  The  result  is  shown  in  Fig.  6.  The  solid  lines, 
noted  0  %  charge,  corresponds  to  the  case  where  all  cathodic  current  is  used  for  hydrogen 
gas  evolution.  The  dotted  line,  noted  100  %  charge,  corresponds  to  the  absorption  of  hydrogen 
into  the  electrode  without  any  gas  evolution,  in  other  words,  the  current  efficiency  for 
forming  a  hydride  alloy  is  100  %. 
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The  amount  of  absorbed  hydrogen  for  alloy  films  deposited  at  923  K  and  1073  K  shov,  s 
constant  values  of  2  C  and  0.8  C,  respectively.  This  shows  saturation  with  absorbed  hydrogen 
in  these  films  because  they  are  thinner  than  any  other  films.  Alloy  films  deposited  at  973  K 
and  1023  K  show  better  absorption  properties,  nearly  100  %  charged,  until  a  cathodic 
electricity  of  3  C  compared  to  LaNi.^  ingot.  Because  the  alloy  films  have  finer  grains, 
hydrogen  is  more  easily  able  to  absorb  into  alloy  films  than  into  LaNi.v  The  lines  of  charge 
efficiency  deviates  from  the  100  %  charge  line  at  over  3  C,  because  the  films  become 
saturated  with  absorbed  hydrogen. 


The  amount  of  absorbed  hydrogen  in  LaNi^  electrolyzed  at  923  K  in  bath  (a)  was 
evaluated  from  the  saturated  charge  electricity  of  hydrogen,  Qc,  i.e.  approximately  2.2  C  in 
Fig.  6.  If  the  volume  of  the  alloy  phase  is  assumed  to  be  2.0x10-4  enr^,  it  is  found  that  the 
atomic  ratio  of  hydrogen  to  LaNi.^  is  5.80,  i.e.  LaNi5H5.8().  In  the  same  way,  that  for  films 
electrolyzed  at  923  K  in  bath  (b)  is  5.76,  i.e.  U\Ni^Hs.76- The  theoretical  value  of  the  ratio 
of  hydrogen  is  6,  i.e.  LaNi.sHr,.  Therefore,  the  Ni  -  La  films  formed  by  this  electrolysis  in 
molten  salts  can  absorb  much  hydrogen  and  there  are  almost  no  differences  in  the  ratio  of 
hydrogen  between  bath  (a)  or  bath  (b). 

Figure  7  shows  the  result  of  discharging  tests,  performed  in  30  %  KOH  solution  at  298 
K  after  charging  for  30  min.  All  potential  curves  show  a  shoulder,  and  the  potential  increases 
rapidly  until  each  shoulder.  As  each  charged  alloy  electrode  begins  to  discharge  at  the 
potential  of  the  shoulder,  the  lower  this  potential  is,  the  more  easily  hydrogen  discharges. 
Dehydrogenation  takes  place  in  the  plateau  region  after  each  shoulder,  and  the  width  of  the 
plateau  region  depends  on  the  amount  of  charged  electricity,  in  other  words,  the  film 
thickness.  Hereby,  alloy  films  produced  by  this  molten  salts  technique  have  good  charge  - 
discharge  properties  in  comparison  with  LaNi-^  ingot.  The  discharged  electricity  for  LaNi^ 
electrolyzed  at  973  K  was  approximately  3  C,  which  w-as  half  of  the  charged  electricity 
since  this  sample  was  charged  with  6  C. 

Charge  -  discharge  characteristics  in  cycle  test 

Figure  8  shows  the  dependence  of  the  ratio  for  the  hydrogen  discharge  to  the  hydrogen 
charge  on  cycling  test  in  alkaline  solution.  This  test  was  performed  under  the  condition  of 
cathodic  current  density  of  10  mAcm-^  for  200  s,  charging,  and  remaining  still  in  the  solution 
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for  10  min.,  before  the  anodic  current  density  of  10  mAcm-^,  discharging.  The  time  for 
anodic  discharge  is  determined  by  reaching  the  potential  of  -0,6  V.  Nickel  hydroxide  may 
form  over  this  potential,  and  the  discharge  is  regarded  to  have  ended.  All  alloy  films,  except 
that  deposited  at  1073  K,  shows  effective  discharge  properties  at  approximately  10  cycles, 
i.e.  discharged  electricity  is  as  same  as  charged  electricity.  The  charge  -  discharge  ratio  for 
alloys  electrolyzed  at  923  K  and  973  K  rapidly  decreases  after  20  and  10  cycles,  respectively. 
This  ratio  for  films  electrolyzed  at  1023  K  is  more  than  0.8  after  10  cycles,  and  for  films 
electrolyzed  at  1073  K,  it  has  a  constant  value  of  0.2.  This  low  value  for  the  latter  may  come 
from  the  film  thickness.  On  the  other  hand,  the  commercial  LaNi^  ingot  shows  slight  cycle 
dependency  and  remains  at  about  0.2  after  20  cycles.  Consequently,  alloy  films  prepared  by 
this  method,  especially  electrolyzed  at  1023  K,  show  better  charge  -  discharge  characteristics 
than  commercial  LaNi5  ingot.  Some  powders  with  dark  gray  color  were  observed  at  the 
bottom  of  cell  for  all  films  and  the  LaNi5  ingot  after  cycle  tests.  The  amount  of  powder 
decreased  and  powder  was  fine  and  roundish  with  increasing  in  electrolyzing  temperature. 
As  for  the  LaNi-s  ingot,  powders  with  brightness  and  large  powders  were  observed. 

The  surface  morphology  for  the  film  electrolyzed  at  1023  K  after  cycle  testing  and  for 
the  LaNi5  ingot  before  and  after  cycle  testing  are  shown  in  Fig.  9.  The  morphology  for  alloy 
film  after  cycle  testing  is  similar  to  that  before  cycle  test  in  Fig.  5(3).  The  white  angular 
colored  part  is  Ni  and  the  part  which  looks  like  lichen  is  Ni(OH)2.  As  for  the  other  films 
using  different  temperatures,  similar  behavior  was  shown.  In  the  case  of  LaNi5  ingot,  the 
morphology  shows  a  fibrous  structure  with  certain  orientation  after  some  grains  parted 
from  surface  and  fell  down  onto  the  bottom  of  the  cell. 


The  hardness  for  alloy  films  measured  by  microvickers  hardness  tester  was  about  300 
Hv  and  that  for  LaNi-i  ingot  was  about  650  Hv.  This  hardness  of  LaNi^  ingot  causes  much 
of  the  powdering  in  cycle  testing. 

There  were  large  cracks  in  the  LaNi.^  ingot  and  small  ones  with  network  in 
electrodeposited  alloy  films  in  Fig.  9.  The  cracks,  which  were  generated  during  charge  - 
discharge  cycles,  caused  grains  to  break  and  separate  into  parts.  This  behavior  made  the 
stress  of  grains  relaxed  and  small  and  net  work  crevasse  released  it  better  than  large  one. 
Hereby,  powdering  of  the  alloy  surface  was  inhibited.  Hence  charge  -  discharge 
characteristics  of  films  were  better  than  LaNi5  ingot. 
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CONCLUSIONS 


Lanthanum  -  Nickel  alloy  film  phase  can  be  formed  on  Ni  thin  films  by  electrolysis  in 
chloride  molten  salts  baths  containing  La  ion.  The  LaNi^  film  was  formed  over  923  K.  The 
current  efficiency  for  electrolysis  was  mainly  10  %,  maximum  is  38.5  %  at  973  K  in  this 
study  because  of  melting  of  La  and  La  -  Ni  alloy  into  the  molten  salts.  The  LaNi^  films 
show'  less  pow'dering,  good  hydrogen  absorption  and  charge  -  discharge  characteristics  in 
alkaline  solution  compared  to  LaNi5  ingot. 
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Cathodic  Current  Density,  i/kAm  - 


Fig.  1  Cathodic  polarization  curves  for 

reduction  of  La^+  on  Ni  electrode  at 
973K.  1  in  bath  (a) ,  2  in  bath  (b) 
and  3  without  LaCl3. 
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Fig. 2  EPMA  line  analysis  of  La-Ni  alloy 
layers  electrodeposited  in  bath  (b)  at 
(1)723  K ,  (2)  and  (3)  923  K. 

(1)  and  (2)  slow  cooling  in  the  furnace, 
(3)  rapid  cooling  by  Ar  gas  after 
electrolysis. 
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Fig.3  X-ray  diffraction  patterns  of  La-Ni  alloy  electrodeposited  in  bath  (a) 
at  (1)  923  K,  (2)  973  K,  (3)  1023  K  and  (4)  1073  K. 
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(1)  (2) 


Fig.4  EPMA  line  analysis  of  La-Ni  alloy  layers  electrodeposited  in  bath  (a) 
at  (1)  923  K,  (2)  973  K,  (3)  1023  K  and  (4)  1073  K. 
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Potential,  E  /  V  vs.  Hg/HgO  Oq'  Quantity  of  charged  electricity,  Q  c  /  C 
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Cathodic  electricity,  /  C 

.6  Charge  performance  of  LaNi5  ingot, 
Ni  sheet  and  LaNi5  electrodeposited 
in  bath  (a)  at  various  temperature  in 
30  wt%  KOH  solution  at  298  K. 
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Fig.8  Change  in  discharged  electricity/ 
charged  electricity  with  cycle 
number  on  LaNi5  ingot  and  LaNi5 
electrolyzed  in  bath  (a)  at  various 
temperature, 

0923K,  □973K,  Ol023K, 
A1073K  and  •LaNi5  ingot 


Fig.7  Discharge  performance  of  LaNi5  ingot 
and  LaNi5  electrodeposited  at  various 
temperature  in  bath  (a),  after  charging. 
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Fig.9  SEM  photographs  on  LaNi5  surfce 
after  cycle  tests;  (1)  LaNi5 
electrodeposited  at  973K  in  bath 
(a)  and  (2)LaNi5-ingot.  (3)  is 
LaNi5  ingot  before  cycle  tests 
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ABSTRACT 


The  detrimental  effects  arising  from  the 
presence  of  nonmetallic  inclusions  in 
aluminum  are  well  known.  On  the  other  hand, 
aluminum  is  one  of  the  materials  with  high 
recyclability  among  many  metals,  and  over  60 
percent  of  aluminum  alloys  are  recycled  and 
reused  in  Japan.  Unfortunately,  the 
application  of  recycled  aluminum  is  limited 
to  use  for  some  purposes  since  the  recycled 
aluminum  contains  several  different  phases 
,  e.g.,  inclusions  ,  precipitates  etc.  Therefore, 
the  elimination  of  nonmetallic  inclusions, 
particularly  silicon  phases  in  hyper-eutectic 
AI-25Si  alloy,  using  molten  equimolar  KCi- 
NaCI  salts  system  was  investigated 
experimentally.  The  amount  of  silicon  in 
hyper-eutectic  Al-Si  alloy  was  gradually 
reduced  to  about  15%  with  the  cycle  number 
of  treatment  in  molten  equimolar  KCI-NaCI 
salts.  X-ray  diffraction  and  fluorescent  X-ray 
analysis  indicate  that  the  silicon  in  aluminum 
alloy  is  transferred  to  the  molten  salts. 
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INTRODUCTION 


Aluminum  and  its  alloys  have  high  recyclability.  Since  we 
are  face-to  face  with  an  energy  and  resource  crisis  at  the 
turn  of  the  century,  their  recycling  is  now  being  investigated 
and  developed(1 ,2).  However,  it  is  very  difficult  for  the 
current  techniques  to  eliminate  impurities  melting  in 
matrices,  since  aluminum  is  one  of  the  very  active  metals. 
Therefore,  scraps  containing  high  level  impurities  are 
recycled  by  blending  primary  metals  and/or  scraps  of  low 
level  impurities  together.  And  in  addition,  various  other 
techniques  e.g  the  method  using  the  difference  in  affinities 
for  oxygen  and  for  nitrogen,  and  the  process  using  the 
difference  of  the  specific  weight  between  aluminum  and 
impurities  are  also  being  developed.  However,  all  of  these  are 
not  enough  to  overwhelm  the  other  recycling  techniques  and 
more  effective  new  process  are  required  now(3).  In  the 
present  study,  we  investigated  the  elimination  of  the  primary 
silicon  phase  from  Ai-Si  alloys  using  equimolar  KCl-NaCI 
molten  salts  and  discuss  the  effectiveness  and  possibility  of 
the  process  as  the  practical  recycling  technique. 


EXPERIMENTAL 


The  specimens  used  were  hyper-eutectic  Al-25Si  ailoy 
whose  composition  is  Si=24.6,  Cu<0.1,  Mg<0.2,  Fe=0.2,  and  the 
residual  part  is  aluminum.  The  salts  used  consist  of  NaCI  and 
KCI  basically.  Several  percentages  of  sodium  fluorides  were 
added  to  remove  the  surface  oxide  films  on  specimens.  Prior 
to  treating,  the  mixed  salts  were  heated  to  1033K  and 
maintained  at  this  temperature  for  about  an  hour  in  order  to 
reduce  the  moisture  in  the  salts. 

Each  specimen(15g)  was  immersed  into  molten  salts  at  the 
adequate  temperatures(1 033K  and  923K  for  0.9ks-9ks).  The 
experimental  procedure  is  shown  in  Fig.1.  The  molten  salts  in 
mullite  crucibles  were  agitated  intermittently  during  the 
treatment  in  the  electric  furnace.  After  immersion 
treatment,  the  salts  containing  a  specimen  were  slowly 
cooled  to  room  temperature  in  the  furnace,  and  then  the 
specimen  and  salts  were  mechanically  separated.  During  the 
operation,  the  atmosphere  in  the  furnace  was  not  regulated. 
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since  the  molten  salts  acted  as  protection  against  the 
ambient  atmosphere.  The  primary  silicon  phase  in  the 
specimens  was  confirmed  by  optical  microscope,  and  the 
silicon  contents  were  measured  by  fluorescent  X-ray  analysis 
(FLX).  In  order  to  confirm  the  separated  silicon  phase,  the 
salts  were  examined  by  X-ray  diffraction  analysis(XRD)  and 
the  extent  of  elimination  of  Si  phases  was  measured. 


RESULTS  AND  DISCUSSION 


Fig. 2  shows  the  correlation  between  the  amount  of  residual 
silicon  in  specimens  and  the  dehydration  time  prior  to 
treatment  of  salts.  The  specimens  were  heated  to  the 
temperature  which  coexistence  region  of  solid  silicon  phase 
and  liquid  aluminum  phase  in  equilibrium  phase  diagram. 
Although  the  non-treated  hyper  eutectic  Al-Si  alloy  contained 
about  25%  Si,  the  amount  of  the  residual  silicon  in  the 
specimen  after  the  1st.  cycle  treatment  was  less  than  20%. 
Fig. 2  also  indicates  that  the  silicon  in  specimens  was 
eliminated  gradually  in  the  following  2nd.  and  3rd.  cycle 
treatments,  respectively. 

Fig. 3  shows  the  correlation  between  the  amount  of  the 
residual  silicon  in  specimens  and  treatment  time,  when 
molten  salts  were  dehydrated  for  7.2ks;  other  conditions 
were  the  same  as  described  above.  For  the  specimen  in  the 
1st.  cycle  for  0.9ks,  there  was  little  difference  between  the 
amount  of  silicon  for  the  non-treated  specimen  and  that  for 
the  treated  one. 

However,  the  following  2nd.  and  3rd.  treatments  decreased 
the  silicon  content  in  specimens  down  to  20%  and  18%  , 
respectively. 

On  the  other  hand,  the  silicon  in  the  specimen  treated  in  the 
1st.  cycle  for  3.6ks  was  eliminated  to  an  amount  less  than 
20%.  These  results  suggest  that  the  elimination  process 
needs  an  adequate  time  for  contacting  both  solid  and  liquid 
phases  during  treatment. 

Fig. 4  shows  variations  of  the  amount  of  residual  silicon  in 
treated  specimens  with  the  number  of  times  for  agitation. 
The  amount  of  residual  silicon  in  treated  specimen  has  a 
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tendency  to  decrease  to  a  certain  extent  by  agitation  in  KCi- 
NaCI  moiten  salt. 

This  suggests  that  during  agitation  in  molten  salts  solid 
silicon  comes  into  contact  with  the  liquid  molten  salt, 
resulting  in  the  transfer  of  silicon  from  hyper-eutectic  Al-Si 
alloy  to  the  molten  salt.  There  is  little  difference  between 
the  amount  of  residual  silicon  in  the  specimen  after  the  1st. 
cycle  of  treatment  by  agitating,  no  agitating,  and  that  by 
agitating  four  times.  These  results  suggest  that  the  solid 
silicon  phase  was  thoroughly  miscible  with  the  liquid  moiten 
salt  by  agitation. 

Fig. 5  shows  the  XRD  spectrum  for  residual  materials  in  the 
treated  salt.  These  salts  were  washed  with  water  and 
filtrated  after  treatment  and  submitted  to  XRD.  The  two 
silicon  peaks  at  28  and  47  deg./2  0  were  observed  for  the 
treated  salt.  These  peaks  indicate  the  presence  of  silicon 
that  was  transferred  from  the  treated  specimen.  This  result 
suggests  that  this  process  using  molten  salts  makes  It 
possible  to  eliminate  the  primary  silicon  phase  from  the 
hyper-eutectic  Al-Si  alloy. 

Fig. 6  shows  the  variation  of  the  amount  of  residua!  silicon 
in  the  treated  specimen  with  the  difference  of  the  treatment 
temperatures.  The  sample  is  on  the  liquidus  line  at  1033K, 
and  it  is  in  the  coexisting  region  of  both  the  solid  and  liquid 
phase  at  923K.  A  part  of  primary  silicon  phase  exists  as  a 
solid  phase  at  923K,  though  almost  all  phases  of  specimen  are 
more  liquid  at  1033K.  So,  solid  silicon  particles  can  more 
easily  contact  the  molten  salt  during  the  923K  treatment  than 
at  1033K,  Consequently,  it  has  been  considered  that  the 
amount  of  residual  silicon  in  the  923K  treated  specimen  is 
less  than  that  of  the  1033K  treated  one.  Nevertheless,  the 
silicon  was  eliminated  by  this  molten  salt  process  and  the 
amounts  of  residual  silicon  in  treated  specimen  decreased 
with  increasing  treatment  numbers  of  cycle  at  either 
condition. 

The  precise  mechanism  for  the  elimination  process  has  not 
been  clarified  yet.  However,  all  these  results  confirm  that 
the  primary  silicon  phase  can  be  eliminated  from  hyper¬ 
eutectic  Ai-Si  alloy  by  using  the  molten  salt.  Although  the 
mechanism  has  nor  been  clear  yet,  part  of  the  explanation  can 
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be  deduced  from  earlier  experiments. (4,5,6) 


CONCLUSIONS 

The  elimination  process  of  primary  silicon  phases  in 
hyper-eutectic  Ai-Si  alloys  was  investigated  by  using  a 
KCI-NaCI  molten  salts  system,  and  the  following  results 
were  obtained. 

(1)  The  primary  silicon  phase  in  hyper-eutectic  Al-Si  alloy 
transferred  from  the  melting  alloy  to  molten  salts  by 
treatment  at  adequate  temperatures. 

(2)  Application  of  this  process  will  makes  it  possible  to 
eliminate  the  impurities  contained  in  the  recycled 
aluminum  alloy. 
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XRD,  XPS,  EDX  analysis 


analytical  conditions 

XRD  :  Cu  anode,  40kV,  20niA,  8deg./  min. 

XPS  :  7k V,  30mA 

EDX  :  20k V,  2x10-“>a,  W.D.  15mm 

Fig.l  Flowchart  of  experimental  procedures 


cycle  number  of  treatment 

Fig. 2  Changes  of  the  amount  of  residual  SI  In  the 
treated  specimens  for  3.6ks  at  1033K  In  KCI>NaCI 
molten  salt 
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Fig. 3  Changes  of  the  amount  of  residual  SI  In  the 
treated  specimens  at  1033K  In  KCI-NaCI  molten  salt 


Fig.  4  Changes  of  amount  of  residual  SI  In  the  treated 
specimen  by  agitation  times  in  KCI-NaCI  molten  salts 
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Fig.  5  XRD  spectra  for  residual  materials  in  the  treated 
salt  for  3.6ks  at  1033K:  (sample/salt=1/10) 


cycle  number  of  treatment 

Fig. 6  Changes  of  the  amount  of  residual  SI  In  the 
treated  specimens  for  3.6ks  In  KCI-NaCI  molten  salt 
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ABSTRACT 

The  bipolar  LiAl/FeS2  battery  is  being  developed  to  achieve  the  high 
performance  and  long  cycle  life  needed  for  electric  vehicle  application.  The 
molten-salt  (400  to  440°C  operation)  electrolyte  composition  for  this  battery  has 
evolved  to  support  these  objectives.  An  earlier  change  to  LiCl-LiBr-KBr 
electrolyte  is  responsible  for  significantly  increased  cycle  life  (up  to 
1000  cycles).  Recent  electrolyte  modification  has  significantly  improved  cell 
performance;  approximately  50%  increased  power,  with  increased  high  rate 
capacity  utilization.  Results  are  based  on  power-demanding  EV  driving  profile 
test  at  600  W/kg.  The  effects  of  adding  small  amounts  (1-5  moI%)  of  LiF  and 
Lil  to  LiCl-LiBr-KBr  electrolyte  are  discussed.  By  cyclic  voltammetry,  the 
modified  electrolytes  exhibit  improved  FeS2  electrochemistiy.  Electrolyte 
conductivity  is  little  changed,  but  high  current  density  (200  mA/cm^) 
performance  improved  by  approximately  50%.  A  specific  feature  of  the  Lil 
addition  is  an  enhanced  cell  overcharge  tolerance  rate  from  2.5  to  5  mA/cm  . 
The  rate  of  overcharge  tolerance  is  related  to  electrolyte  properties  and  negative 
electrode  lithium  activity.  As  a  result,  the  charge  balancing  of  a  bipolar  battery 
configuration  with  molten-salt  electrolyte  is  improved  to  accept  greater  cell-to- 
cell  deviations. 


INTRODUCTION 

The  LiAl/FeSj  bipolar  battery  is  being  developed  to  achieve  the  high  performance  and 
long  cycle  life  needed  for  electric  vehicle  batteries.  The  electrolyte  used  in  this  molten-salt 
battery  has  a  major  impact  on  cell  performance  and  cycle  life.  The  initial  development  of  the 
LiAl/FeS2  cell,  with  LiCl-LiBr-KBr  electrolyte  (25-37-38  mol%),  enhanced  cycle  life 
dramatically  (from  100  to  about  1000  cycles)  without  severely  compromising  performance. 
The  lower  temperature  cell  operation  (400-425 °C)  increased  cyele  life  [1].  The  phase 
diagram  of  the  LiCl-LiBr-KBr  (Fig.  1)  has  a  broad  liquidus  range  of  composition  related  to 
ion  content.  Its  liquidus  range  of  1.25  to  2.6  LiVK^  ratio  at  400°C  is  of  partieular  interest 
to  the  dynamic  conditions  of  electrode  operation  at  high  current  density.  Melting  point  and 
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cooling  curve  determinations  at  APL  [6]  indicated  a  melting  point  of  312  ±  1  °C,  but  once 
liquid,  this  molten  salt  exhibits  a  lower  freezing  point  of  296  ±  4‘’C.  For  LiCl-KCl,  the 
liquidus  range  at  400°C  is  only  1.2  to  1.81  LiVK^  ratio.  The  melting  point  of  the  LiCl-KCl 
electrode  is  354“C.  Thus,  the  local  lithium  content  of  the  LiCl-LiBr-KBr  electrolyte  can 
deviate  from  that  in  the  bulk  electrolyte  without  experiencing  localized  salt  freezing. 

A  number  of  electrolyte  characteristics  must  be  juggled  to  achieve  an  overall 
improvement  in  cel!  performance;  lithium  conductivity,  liquidus  range,  and  cell  operating 
temperature.  In  the  past,  the  LiCl  content  of  the  LiCl-LiKBr-KBr  electrolyte  has  been 
increased  with  concomitant  increase  in  cell  performance.  Electrolyte-starved  cells  with  34 
mol%  LiCl  salt  gave  cell  impedances  comparable  to  flooded  cells.  The  off-eutectic 
composition,  with  its  increased  lithium  conductivity,  compensated  for  the  reduced  electrolyte 
volume  in  the  electrolyte-starved,  MgO  powder  separator  used  in  the  FeS2  cell.  Historically, 
increased  lithium  content  produces  increased  cell  performance,  but  usually  at  the  expense  of 
cycle  life,  as  with  LiF-LiCl-LiBr  at  465  °C.  Analyses  with  cyclic  voltammetry  has  showed 
improved  kinetics  in  FeS2  electrodes  using  the  electrolytes  with  higher  lithium-ion  content. 
The  charge/discharge  reversibility  also  improves  with  higher  lithium-ion  content,  as  had  been 
observed  earlier  with  LiCI-LiBr-KBr  at  a  given  temperature  when  compared  to  the  58  mol% 
LiCl-KCl  electrolyte  [2] .  FeS2  cells  have  34  moi%  LiCl-32.5  mol%  LiBr-33.5  mol%  KBr 
electrolyte,  which  has  a  liquidus  transition  at  360°C,  Adding  LiF  to  LiCl-LiBr-KBr  has  also 
been  examined,  but  smaller  increases  in  ionic  conductivity  were  obtained.  Based  on  the  LiF- 
LiBr-KBr  phase  diagram  [3],  the  eutectic  composition  contains  only  a  few  mole  percent  LiF. 

We  set  general  guidelines  for  modifying  the  LiCl-LiBr-KBr  (34-33-33  mol%) 
electrolyte  with  other  lithium  halides:  (1)  The  lithium-ion  content  should  be  raised  without 
raising  the  electrolyte  liquidus  temperature.  (2)  The  liquidus  range  of  the  lithium-ion  content 
at  425 °C  should  not  be  diminished.  (3)  The  relatively  lower  ionic  conductivity  of  some 
lithium  halides  (e.g.,  Lil  compared  to  LiF)  should  be  minimized. 


BACKGROUND 

Three  lithium-ion-containing  molten  salts  have  been  employed  in  lithium/sulfide 
battery  development:  LiCl-KCl,  LiCl-LiBr-KBr,  and  LiF-LiCl-LiBr  [4].  We  have 
determined  conductivities  as  a  function  of  temperature  for  their  eutectic  compositions  using 
the  AC  impedance  technique.  The  results  are  plotted  in  Fig.  2.  Each  of  these  molten  salts 
has  unique  properties  that  affect  cell  development.  The  LiCl-KCl  eutectic  has  a  354°C 
melting  point,  while  cells  are  operated  at  450°C  where  the  conductivity  is  1.4  S  cm  '  [5]. 
Although  the  LiCl-KCl  electrolyte  was  the  baseline  electrolyte  for  primary  thermal  batteries 
and  secondary  batteries,  it  is  being  replaced  by  the  three-component  salts.  The  LiF-LiCl-LiBr 
(all  lithium  electrolyte)  has  the  highest  conductivity,  about  3.0  S  cm  '  at  450°C  [6].  On  the 
other  hand,  the  LiCl-LiBr-KBr  electrolyte,  with  its  low  melting  point  of  320  °C  and  broad 
liquidus  region,  allowing  large  Li/K  ion  ratio  deviations  from  that  of  the  eutectic,  provides 
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a  stable  operating  environment  at  400°C  for  the  FeS^  electrode  [2,7].  It  has  a  conductivity 
of  1.3  S  cm  '  at  450°C.  The  Li^  and  ion  activities  of  these  molten  salts  regulate 
solubilities  of  charge/electrode  discharge  products  and  electrode  kinetics.  As  will  be 
discussed  later,  self-discharge  rates,  cell  performance,  and  cycle-life  stability  strongly  depend 
upon  the  electrolyte  properties. 

Use  of  LiCl-LiBr-KBr  electrolyte  allows  Li/FeS2  cell  operation  at  considerably  lower 
temperatures  (400-425 °C)  than  do  the  other  electrolytes  (LiCl-KCi  or  LiF-LiCl-LiBr).  In 
general,  Li/FeS2  cells  with  LiF-LiCl-LiBr  are  operated  at  475  °C,  where  corrosion  reactions 
are  more  likely  to  limit  cycle  life.  Also,  thermal  management  of  the  Li/FeS2  battep/  operated 
at  475 °C  requires  an  active  heating  and  cooling  system,  whereas  at  425 greater 
temperature  fluctuations  can  be  tolerated  to  ease  requirements  of  the  thermal  management 
system. 

A  variation  of  this  electrolyte,  an  LiCl-rich  composition,  was  identified  as  the 
electrolyte  of  choice  for  use  in  "electrolyte-starved"  cells  (i.e.,  cells  that  contain  only  a 
limited  quantity  of  electrolyte  in  the  pores  of  the  MgO  powder  separator).  The  LiCl-rich 
composition  of  LiCl-LiBr-KBr  (34-33-33.5  mol  %)  possesses  a  25%  higher  ionic 
conductivity  (1.7  S  cm  ')  than  the  LiCl-LiBr-KBr  eutectic  at  425 °C  (Fig.  2).  This  higher 
conductivity  allows  these  electrolyte-starved  cells  to  operate  with  a  cell  impedance,  ASIj 
comparable  to  that  of  flooded  cells  that  employ  the  eutectic  electrolyte  [11]. 

The  addition  of  Lil  (5  mol%)  to  LiCl-LiBr-KBr  was  found  to  lower  the  eutectic 
electrolyte  melting  point  10°C.  The  increased  lithium  content  of  the  modified  electrolyte  due 
to  the  Lil  addition  does  not  anticipate  higher  conductivity  because  the  Li^  conductivity  of  Lil 
is  lower  than  that  of  the  other  lithium  halides.  Therefore,  the  two  effects  counterbalance. 
Any  addition  of  Lil  should  also  be  minimized  due  to  its  high  density  and  high  affinity  for 
water.  A  small  addition  is  sufficient  to  improve  cell  kinetics.  As  discussed  earlier,  the 
liquidus  range  of  the  electrolyte  has  proven  to  be  an  important  property  to  support  high 
performance.  The  effect  of  Lil  addition  to  the  LiCl-LiBr-KBr  electrolyte  is  suggestive  of  an 
extended  range  of  liquidus  composition  of  the  cell  operating  temperature. 

Electrochemistry  of  the  FeS-,  Electrode 

The  electrochemistry  of  FeS2  in  LiCl-LiBr-KBr  was  examined  previously  using 
cyclic  voltammetry  and  compared  to  LiCl-KCl  [2].  The  LiCl-LiBr-KBr  electrolyte  exhibits 
improved  reversibility.  The  cyclic  voltamograms  are  generated  at  a  low  sweep  rate  of 
0.02  mV/s  on  a  75-mg  sample  of  FeSj.  Under  these  conditions,  summed  areas  of  either 
anodic  or  cathodic  peaks  exceed  80%  of  theoretical  capacity.  LiAl/FeS2  are  only  operated 
in  the  upper  voltage  plateau  of  the  FeS2  electrode.  As  such,  the  potential  sweep  is 
approximately  1 .6  to  1 .9  volts  vs.  LiAl  reference  electrode. 
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The  dominant  features  of  these  voltammograras,  Fig.3a,  are  consistent  with  those  of 
FeSj  in  LiCl-KCI  eutectic,  which  were  reported  by  Preto  et  al.  [8],  Roman  numerals  label 
the  peaks,  with  "a”  for  anodic  and  "c”  for  cathodic.  The  corresponding  sequence  of  phases 
at  the  various  states  of  charge  are  assigned  according  to  the  work  of  Tomczuk  et  al.  [9]  as 
follows: 

in, 

Li3Fe2S4  III,  Li2  2Feo.8S2  and  [1] 

Ic 

Lij  FeS2  1,  Fe  and  Li2  S 

These  are  equilibrium  phases  and  do  not  imply  reaction  mechanisms.  Of  particular  interest 
for  this  study  is  the  separation  of  the  anodic  and  cathodic  high-voltage  peaks  (IVa  and  IVc), 
which  indicates  the  reversibility  of  this  reaction.  A  notable  difference  between  the  cyclic 
voltammograms  of  FeS,  in  LiCl-LiBr-KBr  and  those  of  FeS2  in  LiCl-KCl  is  that  this  peak 
separation  (difference  in  leading  edge  potentials,  LEP)  is  less:  95  mV  vs.  120  mV, 
respectively.  (The  lower  plateau  capacity  of  reaction  peak  I  is  not  shown).  Also,  the  leading 
edge  of  peak  IVa  does  not  exhibit  the  shoulder  found  for  FeS2  in  LiCl-KCl  [2].  These 
differences  indicate  improved  reversibility  from  a  molten  salt  with  a  higher  Li  ion  activity. 

The  emf  for  the  FeS2  -  Li3Fe2S4  phase  transition  has  been  reported  by  Tomczuk  et 
al.  [10],  as 


IVc 

FeS2  IV„ 

n, 

Fci.,  s  n„ 


emf=  1.542 0.0005231  T(°C) 


[2] 


The  differences  between  the  equilibrium  potentials  of  the  reaction  peaks  with  their  leading- 
edge  potentials  (LEPs)  for  peaks  IVa  and  IVc  indicate  the  over  potentials  for  these  reactions. 
The  cathodic  over  potentials  are  quite  small  (4-14  mV),  while  the  anodic  overpotential  of 
peak  IVa  is  about  85  mV  at  400°C.  Most  significantly,  the  overpotential  of  charging  the 
high  voltage  reaction  of  FeS2  (IVa)  in  LiCl-LiBr-KBr  at  450°C  is  20  mV  less  than  it  is  in 
LiCl-KCl  eutectic. 


The  cyclic  voltammograms  indicate  good  stability  of  FeS2  in  LiCl-LiBr-KBr.  At 
425 “C,  soluble  polysulfides  are  not  generated,  as  evidenced  by  the  laek  of  aetivity  in  the 
voltage  region  1.95  to  2.10  V  vs.  LiAl.  Generation  of  soluble  polysulfides  would  lead  to 
electrode  capacity  loss.  Unlike  FeS2,  C0S2  and  NiS2  generate  Li2S  in  charging  their  high 
voltage  reaction,  which  can  be  further  oxidized  to  soluble  Li2S2  [2]. 
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Electrolyte  modifications  are  also  assessed  by  cyclic  voltammetry,  Fig. 3.  Adding  LiF 
is  a  unique  approach  to  improving  FeS2  electrochemistry.  For  the  most  part,  the  LiF  remains 
as  a  separate  solid  phase  in  molten  LiCl-LiBr-KBr  (as  indicated  by  differential  thermal 
analysis).  The  liquidus  point  and  the  liquidus  range  of  lithium-ion  content  are  largely 
unaffected.  Only  about  1  mol%  LiF  solubilizes,  as  shown  by  the  LiF-LiBr-KBr  phase 
diagram.  [3]  As  shown  in  the  cyclic  voltammograms.  Fig.  3b,  a  dispersion  of  LiF  within  the 
positive  electrode  can  have  a  significant  effect  upon  FeS2  electrode  reversibility. 
Reversibility  of  the  positive  electrode  is  assessed  by  examining  the  difference  in  leading- 
edge  potentials  (ALEP)  of  the  oxidation  and  reduction  reaction  peaks  (FeS2’^Li3Fe2SJ.  As 
indicated  by  the  cyclic  voltammograms  in  Fig.  3,  the  ALEP  of  the  FeS2  electrode  with  the 
LiF-containing  salt  is  40  mV,  compared  to  85  mV  for  the  standard  electrolyte 
LiCl-LiBr-KBr.  A  local  increase  in  Li"^  concentration  would  explain  the  improved  FeS2 
electrode  reversibility.  The  improved  reversibility  in  2.5-cm-dia  cells  using  the  dispersed 
LiF  was  indicated  by  a  20%  reduced  cell  impedance. 

The  Li-allov  Electrode  and  Overcharge  Tolerance 

A  "lithium  shuttle"  mechanism  (LSM)  was  developed  to  provide  lithium/sulfide  cells 
with  an  overcharge  tolerance  capability  [  1 1-13]  by  forming  a  second  lithium  alloy  phase  in 
the  negative  electrode,  as  the  cell  reaches  the  overcharged  state.  This  second  phase 
possesses  a  higher  lithium  activity  than  the  standard  a  -t-  P  Li-Al  alloy,  thereby  significantly 
increasing  the  concentration  of  lithium  metal  dissolved  in  the  electrolyte.  Dissolved  lithium 
is  free  to  diffuse  across  the  electrolyte/separator  and  react  chemically  at  the  positive 
electrode  in  a  self-charge  reaction.  The  higher  dissolved  lithium  concentration  produces  a 
higher  self-discharge  rate  and  allows  electrochemical  charging  of  the  cell  to  proceed  at  a  rate 
equivalent  to  the  self-discharge  rate  without  causing  any  net  change  in  the  state-of-chaige  of 
the  cell.  The  ultimate  LSM  rate  is  controlled  by  the  lithium  activity  of  the  overcharge  alloy, 
the  electrolyte  composition,  the  operating  temperature,  and  the  structure  and  thickness  of  the 
separator.  Figure  4  illustrates  the  effects  of  electrolyte  composition  and  temperature  on  the 
LSM  rate  for  a  given  alloy  and  separator  design.  The  rates  are  fit  to  Arrhenius  expressions 
for  the  three  electrolyte  compositions  shown.  These  rate  expressions  agree  well  with 
available  physical  data  for  lithium  solubility,  including  dimerization  of  lithium  for  the 
respective  molten-salt  compositions.  That  is,  Li2'^  would  form  in  all  lithium  (LiF-LiCl-LiBr) 
electrolyte,  whereas  LiK^  would  form  in  the  K^-containing  molten  salts  (LiCl-KCl  and  LiCl- 
LiBr-KBr).  In  general,  the  electrolyte  composition  establishes  a  level  of  lithium  solubility 
to  enable  the  LSM  to  operate  [11]. 

Modifying  the  LiCl-LiBr-KBr  has  directly  influenced  the  LSM  rate  at  a  given 
temperature.  Typically,  an  end-of-charge  trickle-charge  rate  of  2.5  mA/cm^  was  available 
to  charge/equalize  the  bipolar  U/FeS^  battery.  This  rate  was  sufficient  for  extremely  well- 
matched  cells  having  only  low-  level  defects  and  similar  separator  characteristics,  but  it 
meant  that  cells  with  greater  than  1  to  2  mA/cm^  self-discharge  rate  would  eventually  be  lost 
from  the  battery.  The  addition  of  LiF  diminished  the  LMS  rate  to  1.5  mA/cm^  while  adding 
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Lil  increased  the  LSM  rate  to  5  mA/cm^  at  425  °C.  The  extend  of  lithium  solubility  in  the 
modified  molten-salt  explains  the  changed  LSM  rates.  The  lithium  content  is  little  changed 
by  the  modifications.  The  Lil  addition  provides  a  much-  sought-after  50%  enhancement  of 
the  LSM  rate.  With  the  increased  LSM  rate  of  5  mA/cm^  a  battery  developer  can  accept  a 
greater  cell-to-cell  deviation  and  still  maintain  bipolar  battery  charge/equalization  capability. 

A  combination  of  LiF  and  Lil  electrolyte  additives  is  of  interest  because  it  increased 
cell  capacity  utilization  by  23%  for  13%  increased  specific  energy.  Subsequent  tests 
established  that  the  enhanced  overcharge  tolerance  of  Lil  addition  is  retained  and  overcomes 
the  reduced  LSM  rate  that  occurred  from  the  singular  LiF  addition.  The  LSM  rate  for 
overcharge  tolerance  with  both  additives,  LiF  and  Lil,  was  also  determined  to  be  5  mA/cm 
at  440'’C.  Two  consecutive  cycles  are  compared;  one  charge  to  a  voltage  cutoff,  a 
subsequent  cycle  of  charge,  followed  by  a  1.0  A  trickle  charge.  A  2.5  Ah  overcharge 
capacity  (without  increased  discharge  capacity)  over  a  4-h  period  translates  into  a  5  mA/cm^ 
trickle  charge  tolerance  rate.  An  underlying  self-discharge  rate  of  0.3  mA/cm^  is  taken  into 
account.  Another  examination  of  LSM  rate  submits  the  cell  to  4-h  periods  of  trickle  charge 
at  0.4  to  0.8  A,  Fig.5.  Again,  0.6  A  (or  5  mA/cm^)  produces  a  steady  cell  voltage  during  the 
extended  trickle-charge  period  as  it  equals  the  LSM  rate  for  the  cell.  This  rate  closely 
approximates  the  LSM  rates  for  LiCl-LiBr-KBr  with  only  Lil  added. 

Cell  Performance  vrith  Modified  Electrolyte 

Tests  with  full-sized  bipolar  cells  were  conducted  to  evaluate  performance 
improvement  related  to  electrolyte  modifications.  The  electrolyte  additives  indicated  a 
progressive  improvement  in  achieved  specific  energy.  Three  cells  were  operated  with  the 
same  FeS2-15  mol%  C0S2  positive  electrode  of  40  Ah  theoretical  capacity  but  different 
electrolyte  (Fig.  6).  A  5  moI%  Lil  addition  increased  FeS2  capacity  utilization  by  13.7%  to 
78.6%  of  theoretical  capacity.  The  further  addition  of  a  LiF  dispersion  (4  wt%)  further 
increased  FeS2  capacity  utilization  by  22.7%  to  85%  of  theoretical  capacity.  The  cell  capacity 
was  increased  from  approximately  28  Ah  to  approximately  34  Ah  at  75  mA/cm^  discharge 
current  density.  With  two  additives,  cell  specific  energy  at  the  C/3  rate  was  increased  by 
13%,  to  189  Wh/kg. 

The  ultimate  evaluation  of  the  electrolyte  modification  is  the  cell  power  capability. 
Simulated  electric-vehicle  driving  profiles  of  repetitive  power  pulsing  (DST)  as  seen  in  Fig.7 
are  generally  used  for  performance  assessment.  By  testing  a  cell  under  a  series  of  driving 
profiles  having  increased  power  demand  (70  to  150  W/cell),  a  Ragone-type  plot  can  be 
generated.  This  new  method  of  testing  provides  specific  energy/specific  power  tradeoffs  to 
aid  battery  design.  As  shown  in  Fig.  8,  the  electrolyte  modification  provided  nearly  50% 
increased  power  performance  at  test  profiles  that  achieved  similar  net  specific  energy.  For 
example,  at  140  Wh/kg,  the  modified-electrolyte  cell  supported  600  W/kg  power  pulses  (8-s 
duration),  in  comparison  to  only  400  W/kg  for  the  standard-electrolyte  cell. 
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A  further  objective  of  the  electrolyte  modification  studies  is  to  improve  battery-level 
performance.  Specifically,  for  bipolar  battery  operation,  a  LSM  has  been  developed  to  enable 
equalization  of  cell  capacities  in  a  bipolar  stack  without  hard-wired  equalization  equipment. 
The  chemistry  of  each  cell  is  capable  of  tolerating  a  trickle  charge  (5  mA/cm  ).  A  stiong  cell 
can  tolerate  the  trickle  charge  without  destructive  overcharging,  while  a  weaker  cell  would 
gain  in  discharge  capacity.  [11]  A  4-cell  stack  Li/FeS^  is  shown  to  equalize  in  state  of 
charge  by  undergoing  a  period  of  trickle  charge  after  a  normal  charge  to  a  battery  voltage 
cutoff,  Fig.9.  During  two  trickle-charge  periods  shown  (125  to  127  h  and  135.5  to  137.5  h) 
the  voltage  of  the  weaker  cell  (02)  increases  in  voltage  and  subsequent  discharge  capacity, 
while  the  remaining  three  cells  safely  tolerate  a  0.6A  trickle-charge  period  of  2  h.  The  weak 
cell  (02)  picks  up  charge  as  the  trickle  charge  exceeds  its  self-discharge  rate,  while  the  other 
cells,  closer  to  full-charge  state,  have  an  LSM  rate  of  5  mA/cm^  to  equal  the  trickle-charge 
rate.  The  electrolyte  modification  has  improved  the  rate  of  cell  capacity  equalization  at  the 
battery  level  through  an  increased  rate  of  the  trickle-charge  tolerance.  Greater  cell-to-cell 
deviations  are  tolerated,  such  that  battery  cycle  life  and  performance  is  improved. 


SUMMARY 


Small  additions  of  LiF  and  Lil  to  LiCl-LiBr-KBr  electrolyte  has  produced  some 
significant  improvements  in  bipolar  Li/FeS,  battery  performance  and  bipolar  battery 
operation.  Physical  property  changes,  such  as  lithium  content,  lithium-ion  conductivity,  and 
liquidus  range,  promote  FeS2  electrode  reversibility.  The  influence  of  the  LiF  additive  was 
examined  by  cyclic  voltametry;  if  increased  reversibility  and  reduced  electrode  polarization. 
A  phase  diagram  for  LiF-LiBr-KBr  provides  insight  into  the  effect  of  LiF  addition,  but  no 
compai'able  diagram  is  available  to  gain  understanding  of  the  Lil  addition.  The  significant 
influence  of  Lil  on  Li/FeS2  cell  chemistry  implies  a  broadening  of  the  liquidus  range  for 
lithium-ion  content  at  440°C.  Likewise,  lithium  solubility  is  apparently  increased  by  adding 
Lil  to  LiCl-LiBr-KBr  to  bring  about  an  increase  of  overcharge  tolerance  rate  at  5  mA/cm  . 
LiF  has  limited  solubility  and  remains  in  the  FeS^  electrode  as  a  dispersion  of  a  solid  (4  wt% 
of  the  positive  electrode),  whereas  the  5  mol%  Lil  added  permeates  the  cell.  These 
electrolyte  modifications  increased  the  FeS^  electrode  capacity  utilization  by  28%,  under  a 
3  h-rate  discharge,  75  mA/cm^  rate.  Of  even  greater  significance,  high  power  pulse 
capability  is  improved  by  50%  under  the  power-demanding  EV  driving  profile  testing 
(DST).  With  the  modified  electrolyte,  specific  energy  under  DST  increased  by  50%. 
Specifically,  a  155  Wh/kg  specific  energy  is  achieved  under  DST  having  a  repeating  demand 
of  over  500  W/kg  pulse  power  (8-s  duration).  The  same  ceil  chemistry  can  operate  at 
continuous  high  power  of  170  W/kg  and  deliver  165  Wh/kg  specific  energy.  Finally,  the 
battery  operation  is  improved  with  the  modified  electrolyte,  Greater  cell-to-cell  deviation 
is  accepted  by  an  enhanced  overcharge  tolerance,  5  mA/cml  Bipolar  Li/FeS2  battery  can  be 
charge/equalized  with  a  faster  rate  of  battery-level  trickle  charging. 
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Fig.  1.  Phase  Diagram  of  LiCi-BiCl-LiBr-KBr 

Molten-Salt. 


Temperature.  C 


Fig  2  Conductivities  of  Molten  Salts  for 

Rechargeable  Lithium  Batteries. 
The  data  for  the  three  eutectic 
compositions  are  compared  to  a 
LiCl  rich  composition  of 
LiCl-LiBr-KBr. 


Electrochemical  Society  Proceedings  Volume  96-7 


350 


Current,  mA  S  Current,  mA 


(a)  LiCl-LiBr-KBr 


1.55  1.G0  1.65  1.70  1.75  1.80  1.85  1.90 


Electrode  Potential,  V  vs.  LiAl  ref. 
ALEP  =85  mV 


LiCl-LiBr-KBr  with  LiF  solid  dispersion 


ALEP  =40  mV 


Fig.  3.  Cyclic  voltammograms  of  FeSj  electrode  in 
LiCl-LiBr-KBr  exhibiting  improved  kinetics 
with  a  LiF  dispersion. 
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Rate  at  — 250mV,mA/cm2 


Temperature/100,  “C 


lOOOA 


Fig.  4.  Effect  of  Temperature  Upon  Lithium 
Shuttle  Rates  at  about  -250  mV  vs. 
Li-AI  Reference  Electrode  in  Three 
Molten-Salt  Electrolytes. 


Time,h 


Fig.  5.  Rate  of  overcharge  tolerance  determined  at  5.0 
mA/cm^  under  varied  trickle-charge  rates. 
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Fig.  6.  Improved  cell  capacity  as  a  result  of  LiCI-LiBr- 
KBr  electrolyte  modification. 


Fig.  7.  Driving  profile  voltage  and  current  for  improved 
Li/FeSj  cell,  0.275  kg. 


Electrochemical  Society  Proceedings  Volume  96-7 


353 


800 

g  600 

I  400 
o 
a. 

W  200 

Q 

0 

0  20  40  60  80  100  120  140  160  180  200 

DST  Energy  (W-h/kg) 


A 

A 

N 

-bid; 

286,  V 

lodifie* 

1 

d  Elec 

trolyte 

' '  ^  ^ 

-  -  A-  -  •  BID  281 ,  Standard  Electrolyte 

I  ig.  8.  The  Lil  modified  electrolyte  increases  power 
capability  for  simulated  driving  profile  tests 
(DST  Ragone). 


178.14  WH  -142.26  WH  179.26  WH 

Fig.  9.  Voltage  of  4  cells  in  a  bipolar  Li/FeS,  stack  exhibiting 
charge/equalization  during  trickle  charge. 
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ABSTRACT 

The  polarization  at  the  interface  between  p’-alumina  solid  electrolyte 
and  AlClg-NaCl  melt  has  been  studied  at  473  K  by  ac  impedance 
spectroscopy,  using  cells  equipped  with  a  ^''-alumina  disk.  Impedance 
spectra  at  the  interface  were  observed  at  frequencies  lower  than  400  Hz. 

The  melt  composition  influences  a  little  on  the  impedance  spectra  in  the 
cell  with  a  dried  ^’’-alumina  disk.  The  damped  surface  of  the  P"- 
alumina  obstmcts  the  movement  of  sodium  ions  from  the  melt  into  the 
damped  layer  of  the  P"-alumina.  The  damped  layer  induces  quite  high 
polarization  at  the  interface,  when  the  acidic  melt  is  utilized. 

INTRODUCTION 

Sodium  batteries  designated  as  sodium/p" -alumina/molten  salt  have  been  studied 
for  electric  vehicle  and  load  leveling  applications.  Several  kinds  of  this  type  batteries 
were  proposed  such  as  Na/SbCl3(l),  Na/SC^  (2,3),  Na/SeC^  (4-7),  Na/NiCl2(8,9), 
Na/FeCl2  (10).  These  cells  usually  utilize  AlClg-NaCl  melts.  The  pretreatment  of  the 
P"-alumina  often  influences  on  the  charge-discharge  behavior  of  these  cells,  especially 
when  the  acidic  chloroaluminate  melt  is  utilized. 

The  polarizatibn  at  two  interfaces,  between  P"-alumina  and  liquid  sodium  and 
between  P”-alumina  and  the  molten  salt,  should  be  reduced  to  improve  the  charge  and 
discharge  properties  (11-13).  In  this  paper,  the  effects  of  the  surface  conditions  of  P"- 
alumina  and  the  acidity  of  molten  salt  have  been  studied  by  ac  impedance  spectro¬ 
scopy  to  clarify  the  polarization  mechanism  at  the  interface  between  P"-alumina  and 
AlCl3-NaCl  melts. 


EXPERIMENTAL 

An  experimental  cell,  type-I,  composed  of  Pyrex  glass  compartments  filled  with 
AlCl3-NaCl  melts  as  shown  in  Fig.l.  Two  identical  compartments  were  separated  by 
means  of  a  Li20-doped  P"-alumina  disk  (16  mm  diameter  and  2  mm  thickness)  pro¬ 
duced  by  Mitsubishi  Heavy  Industry  Company.  The  P"-alumina  disk  was  sealed  with 
Schott  8338  glass,  of  which  the  expansion  coefficient  is  similar  to  that  of  P"-alumina. 
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The  sealed  p'-alumina  disk  was  connected  to  Pyrex  glass  with  two  kinds  of  sealing 
glass  tubes.  Each  compartment  was  equipped  with  a  whirlpool  aluminum  electrode, 
which  was  located  at  a  distance  of  ca.  6  mm  from  the  p  "-alumina  surface.  This  cell 
was  washed  with  organic  solvents  in  an  ultrasonic  cleaning  equipment,  and  was  dried 
under  vacuum  at  723  K  for  one  week  prior  to  use.  Another  cell  without  the  P"- 
alumina  disk,  type-II,  was  used  to  study  the  electrode  reaction  of  aluminum.  This  cell 
was  equipped  with  a  99.999%  pure  aluminum  microelectrode  as  the  working,  a  coiled 
aluminum  wire  as  the  counter  and  an  aluminum  reference  electrode. 

Melt  preparation  and  most  experimental  procedures  have  been  described 
previously  (6,7).  Impedance  spectrum  was  measured  in  frequency  range  from  0.1  Hz 
to  100  kHz  by  using  a  Solatron  Instruments  Model  1260  impedance/gainphase 
analyzer.  Model  1287  potentiostat,  and  a  Toyo  Technica  CAP-1  electrochemical 
software.  The  impedance  data  were  recorded  and  analyzed  with  a  NEC  Model  PC- 
9801  personal  computer. 

RESULTS  AND  DISCUSSION 

Impedance  Spectra  at  p"-Alumina/Molten  Salt  Interface 

A  well-defined  impedance  spectrum  could  be  measured  with  the  type-I  cell. 
Figure  2  depicts  typical  spectra  for  the  cell  containing  basic  AlC^-NaCl  melts  in  both 
compartments.  The  current  density  is  calculated  as  a  value  for  unit  surface  area  of  the 
^’’-alumina  disk.  The  impedance  spectmm  consists  of  two  overlapped  arcs;  i.e.,  arcs-A 
and  -B  in  Fig.2.  The  value  of  dc  bias  influence  little  on  the  arc-A.  On  the  other 
hand,  the  higher  the  current  flows,  the  smaller  the  size  of  the  arc-B  becomes. 
Considering  the  cell  configuration,  an  equivalent  circuit  for  this  cell,  as  shown  in 
Fig.3,  consists  of  the  aluminum  electrode  impedance,  the  melt  resistance  Rj^,  the 
impedance  at  P"-alumina/molten  salt  interface  Zj,  and  the  ^''-alumina  impedance 
caused  by  grain  boundary  and  grain  bulk  Z^.  It  was  reported  that  the  impedance 
of  the  grain  boundary  and  grain  bulk  of  the  P"-alumina  appeared  at  quite  high 
frequency  such  as  several  MHz  (14).  Therefore,  the  arc-A  and  arc-B  in  Fig.2 
correspond  to  the  electrode  reactions  of  aluminum  electrodes  and  the  interfaces 
between  ^''-alumina  and  molten  salt. 

The  impedance  spectra  for  the  aluminum  electrode  reaction  in  the  basic  AICI3- 
NaCl  melts  were  measured  by  using  the  p"-alumina-free  cell  (type-II),  in  order  to 
separate  it  from  the  impedance  at  the  interface.  A  typical  Nyquist  plot  for  the 
aluminum  deposition  displays  a  quite  small  arc-C  at  high  frequencies  and  a  large  arc- 
D  at  low  frequencies  as  shown  in  Fig.4.  The  impedance  spectrum  for  the  anodic 
dissolution  of  aluminum  is  similar  to  that  for  the  deposition.  The  time  constants  for 
these  circles  were  compared,  in  order  to  separate  the  impedance  at  the  P'-alumina/ 
melt  interface  from  that  of  the  aluminum  electrode  reactions.  The  time  constant  was 
estimated  by  complex  nonlinear  least  squares  fitting  (15).  In  this  study  we  assume  that 
a  depressed  arc  is  caused  by  a  simple  parallel  circuit  consisting  of  resistance  and 
constant-phase  element  (CPE).  The  time  constant  of  the  arc-A  in  Fig.2  is  7.8  x  10 
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s"\  that  is  similar  to  9.9  x  10"^  s~^  for  the  arc-C  in  Fig.4.  These  results  on  the  time 
constant  suggest  the  arc-A  observed  at  high  frequencies  in  the  type-I  cell  correspond 
to  the  electrode  reactions  of  aluminum.  The  depressed  shape  of  the  arc-C  indicates 
that  the  rate-determining  step  may  be  the  charge  transfer. 

Comparing  the  impedance  spectra  at  frequencies  lower  than  10  Hz,  the  arc-B  in 
Fig.2  is  different  from  the  arc-D  in  Fig.4.  The  straight-like  shape  of  the  arc-D 
suggests  the  diffusion  process  in  the  electrochemical  reaction  of  aluminum.  Therefore, 
we  can  conclude  that  the  arc-B  corresponds  to  frequency  response  from  the  interface 
between  P"-alumina  and  molten  salt.  It  should  be,  however,  noticed  that  the  arc-B 
involves  somewhat  the  influence  of  the  electrode  reaction  of  aluminum.  In  the  later 
discussion,  the  arc-B  with  dc  bias  of  0.5  mAcm  ^  will  be  used  as  the  reference 
spectrum  to  investigate  the  effects  of  the  melt  composition  and  wet  surface  of  P"- 
alumina. 

Effects  of  Melt  Composition 

Figure  5  depicts  the  impedance  spectra  measured  in  a  type-I  cell,  in  which  the 
melt  of  one  compartment  was  replaced  by  63/37  AlCl3-NaCl.  The  positive  current  in 
this  figure  indicates  that  sodium  ions  migrate  from  the  acidic  to  the  basic  melt.  The 
radius  of  the  arc-B  at  low  frequencies  becomes  short  by  replacing  the  melt  to  be 
acidic,  although  the  arc-A  at  high  frequencies  changes  little.  This  tendency  becomes 
clearer  as  shown  in  Fig.6,  when  both  compartments  are  filled  with  the  63/37  melt. 
These  results  suggest  that  sodium  ions  can  move  easily  from  the  acidic  melt  to  the 
P'-alumina  and  vice  versa,  comparing  to  the  case  of  the  NaCl  saturated  melt.  Weak 
Coulomb's  force  between  sodium  ion  and  Al2Cl7"  ion  may  cause  the  easier  transfer 
of  the  sodium  ion  at  the  interface. 

Effects  of  Water  on  ^’’-Alumina 

It  is  known  that  the  cell  resistance  becomes  quite  high  especially  at  charging  in 
sodium/acidic  molten  salt  cells,  when  moisture  remains  on  the  surface  of  the  P"- 
alumina.  Figure  7  depicts  the  typical  impedance  spectra  measured  in  the  type-I  cell 
with  wet  p"-alumina.  The  real  axis  in  this  figure  is  compensated  to  zero  to  simplify 
the  comparison  of  the  results.  One  side  of  the  well-dried  P"-alumina  disk  in  the  cell 
was  exposed  to  the  atmosphere  for  three  days,  before  loading  the  melt.  The  positive 
current  in  this  figure  indicates  that  sodium  ions  migrate  from  the  damped  surface  to 
the  dried  one  in  the  P"-alumina.  The  impedance  spectrum  at  the  interface  depends  on 
the  current  direction  in  this  cell  containing  the  NaCl  saturated  melt.  The  positive 
current  increases  the  impedance  at  low  frequencies,  whereas  the  arc-B  obtained  with 
the  opposite  direction  of  the  current  is  similar  to  the  results  for  the  dried  ^''-alumina. 
The  moisture  adsorbed  on  the  P" -alumina  surface  clearly  obstructs  the  movement  of 
sodium  ions  from  the  basic  melt  into  the  damped  layer  of  the  ^’’-alumina. 

The  effects  of  the  damped  layer  were  studied  by  using  the  cells  washed  with 
water.  Figures  8  and  9  show  the  impedance  spectra  with  these  cells  containing  the 
basic  and  acidic  melts,  respectively.  Although  the  cells  were  dried  under  vacuum  at 
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723  K,  the  polarization  became  higher  in  both  cells.  These  figures,  however,  suggest 
that  the  influence  of  the  damped  surface  depends  on  the  melt  composition.  While  the 
impedance  spectrum  changes  little  with  time  in  the  cell  containing  the  NaCl  saturated 
melt,  the  damped  surface  layer  of  -alumina  induces  an  increase  in  the  polarization 
with  time  for  the  cell  containing  the  acidic  melt.  Therefore,  the  effect  of  water 
adsorbed  on  or  absorbed  in  ^''-alumina  induces  high  polarization  in  the  cell  utilizing 
the  acidic  AlCIg-NaCI  melt.  The  mechanism  of  this  difference  of  melt  acidity  should 
be  studied  in  foture. 

CONCLUSION 

The  drying  of  fl"-alumina  is  quite  important  to  reduce  the  polarization  at  the  P"- 
alumina/AlCl3-NaCl  melt,  especially  when  the  cell  utilizes  an  acidic  melt.  The  damped 
surface  of  the  ^''-alumina  obstructs  the  movement  of  sodium  ions  from  the  melt  into 
the  solid  electrolyte. 

ACKNOWLEDGEMENTS 

We  would  like  to  acknowledge  the  late  Prof.  Gleb  Mamantov  for  helpful 
discussion.  The  authors  would  also  like  to  thank  the  sponsorship  from  Kyushu  Electric 
Power  Ltd.  and  Ministry  of  Education,  Science  and  Culture,  Japan. 

REFERENCES 

1.  A.  M.  Chreitzberg,  J.  W.  Consolloy,  M.  R.  Manning  and  J.  C.  Sklarchek, 

J.  Power  Sources,  3,  201  (1978). 

2.  G.  Mamantov,  R.  Marassi,  M.  Matsunaga,  Y.  Ogata,  J.  P.  Wiaux  and  E.  J. 
Frazer,  J.  Electrochem.  Soc.,  127,  2319  (1980). 

3.  J.  Caja,  T.  D.  J.  Dunstan  and  G.  Mamantov,  Proc.  36th  Power  Sources  Conf., 
p.337  (1994). 

4.  M.  Matsunaga,  K.  Kitagawa  and  K.  Hosokawa,  Denki  Kagaku,  51,  847  (1983). 

5.  M.  Matsunaga  and  K.  Hosokawa,  Yoyuen  (Molten  Salts),  30,  83  (1987). 

6.  M.  Matsunaga,  T.  Gouda,  R.  Otogawa  and  K.  Hosokawa,  Nippon  Kagaku  Kaishi, 
8,  1466  (1988). 

7.  M.  Matsunaga,  M.  Morimitsu,  S.  Obata,  K.  Hosokawa,  K.Rikihisa  and  K.  Adachi, 
J.  Electrochem.  Soc.,  141,  2413  (1994). 

8.  J.  Coetzer,  J.  Power  Sources,  18,  377  (1986). 

9.  R.  C.  Galloway,  J.  Electrochem.  Soc.,,  134,  256  (1987). 

10.  R.  J.  Wedlake  and  A.  R.  Tilley,  Bull.  Electrochem.,  4,  41  (1988). 

11.  M.  W.  Breiter,  B.  Dunn  and  R.  W.  Powers,  Electrochim.  Acta,  25,  613  (1980). 

12.  D.  S.  Demott,  J.  Electrochem.  Soc.,,  127,  2312  (1980). 

13.  A.  Katagiri,  J.  Hvistenedahl,  K.  Shimakage  and  G.  Mamantov,  J.  Electrochem. 
Soc.,,  133,  1281  (1986) 


Electrochemical  Society  Proceedings  Volume  96-7 


358 


14.  A.  Hooper,  J.  Phys.  D;  Appl.  Phys.,,  10,  1487  (1977). 

15.  J.  R.  Macdonald,  Impedance  Spectroscopy,  pp.16-20,  pp.180-182,  John  Wiley  & 
Sons,  New  York  (1987) 


P  "-alumina  A1  whirlpool  electrode 


Fig.l  Typical  geometry  of  an  experimental  cell  (type-I). 
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Fig.4  Impedance  spectrum  for  the  deposition  of  aluminum 
in  a  NaCl  saturated  melt  at  473  K. 
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Fig.5  Impedance  spectra  by  replacing  the  melt  of  one 
compartment  to  63/37  AlCl3-NaCl  in  type-I  cell. 


Fig.6  Effects  of  the  melt  composition  on  the  impedance  spectmm. 
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Fig.7  Dependence  of  the  direction  of  dc  current  direction  on  impedance 
spectra,  when  the  one  side  of  the  P'-alumina  disk  contains  water. 


Fig.8  Effects  of  the  damped  surface  of  the  |3"-alumina  on  the 
impedance  spectra.  Melt  composition  is  NaCl  saturated  melt 
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Fig.9  Effects  of  the  damped  surface  of  the  |3"-alumina 
on  the  impedance  spectra.  Melt  composition  is  63/37. 
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ABSTRACT 

The  room-temperature  molten  salts  possess  a  number  of  unique 
properties  that  make  them  ideal  batteiy  electrolytes.  In  particular, 
they  are  nonflammable,  nonvolatile,  and  chemically  inert,  and  they 
display  wide  electrochemical  windows,  high  inherent  conductivities, 
and  wide  thermal  operating  ranges.  Although  the  ionic  liquids 
have  excellent  characteristics,  the  chemical  and  electi'ochemical 
properties  of  desirable  battery  electrode  materials  are  not  well 
understood  in  these  electrolytes.  In  this  paper,  we  present  results 
for  rechargeable  lithium  and  sodium  anodes  in  buffered  neutral 
chloroaluminate  melts  and  Uthium  and  lithium-aluminum  alloy 
anodes  in  a  BF4‘  ionic  liquid. 


INTRODUCTION 

Room-temperature  molten  salts,  also  termed  ionic  liquids,  are  versatile  solvents 
that  have  been  employed  in  a  variety  of  research  applications,  including  electrochemisti  y, 
spectroscopy,  gas  separations,  and  homogeneous  catalysis  (1-5).  Most  studies  have  been 
perfoi-med  in  chloroaluminate  room-temperature  molten  salts  comprised  of  AICI3  and  an 
organic  cation,  either  1-butylpyiidinium  chloride  (BPC)  or  l-ethyl-3-methylimidazolium 
chloride  (EMIC)  (1,2);  however,  recent  efforts  have  focused  on  melts  in  which  the 
chloroaluminate  ions  have  been  replaced  with  air-stable  fluoroanions,  such  as  BF4, 
CFsSOa',  (CF3S02)2N',  and  (CF3S02)3C‘  (5-8).  In  addition,  other  heterocyclic  organic 
cations  have  been  substituted  for  BPC  and  EMIC  to  increase  the  cathodic  end  of  the 
electrochemical  window  and  to  simplify  the  preparation  of  the  organic  cation  (5,8-10). 

The  room-temperature  molten  salts  possess  several  properties  that  make  them 
ideal  candidates  for  battery  electi  olytes: 

•  Nonvolatile:  The  negligible  vapor  pressure  allows  the  ionic  liquid  electrolytes  to  be 
operated  in  sealed  cells  at  elevated  temperatures  without  venting.  In  addition,  the  lack 
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of  organic  vapors  eliminates  the  possibility  of  vapor  ignition,  increasing  the  overall 
safety  of  ionic  liquid  batteries. 

•  Nonflammable:  When  a  direct  flame  is  applied  to  an  ionic  liquid  soaked  in  a  glass 
separator,  it  bums  with  a  flame  characteristic  of  the  anion.  However,  upon  removing 
the  flame  source,  the  ionic  liquid  immediately  extinguishes,  leaving  the  remaining 
electrolyte  unaltered.  Therefore,  a  room-temperature  molten  salt  will  not  ignite  and 
bum  as  in  the  case  of  organic  solvents  currently  used  in  lithium  and  lithium-ion 
batteries. 

•  Wide  Electrochemical  Windows:  The  ionic  liquid  cations  and  anions  are  extremely 
resistant  to  electrochemical  reduction  and  oxidation,  respectively.  Therefore,  high- 
voltage  anode  and  cathode  materials  can  be  employed  in  the  ionic  liquid  electrolytes  to 
create  cells  that  operate  in  excess  of  4  V. 

•  High  Inherent  Conductivities:  The  ionic  liquids  are  single-component  electrolytes  that 
possess  ionic  conductivities  equivalent  to  the  best  organic  battery  electrolytes; 
therefore,  high-power  battery  systems  can  be  achieved  with  the  ionic  liquid 
electrolytes.  Also,  the  manufacture  of  these  electrolytes  is  easier  than  many 
conventional  organic  electrolytes  that  contain  both  an  organic  solvent  and  an  ionic  salt. 

•  Wide  Thermal  Operating  Range:  The  room  temperature  molten  salts  are  themally 
stable  to  greater  than  200  °C  and,  in  some  cases,  maintain  liquid  electrolyte  properties 
at  temperatures  well  below  0  °C.  Therefore,  these  electrolytes  can  be  safely  and 
reliably  employed  in  batteries  intended  for  operation  in  harsh,  fluctuating  temperature 
environments. 

•  Chemically  Inert:  The  ionic  liquid  electrolytes  are  compatible  with  metals  and 
polymers  used  in  common  battery  devices;  therefore,  they  do  not  require  any 
specialized  materials  of  construction  or  manufacturing  technologies. 

Although  the  room-temperature  molten  salts  are  exceptional  battery  electrolytes, 
the  chemical  and  electrochemical  properties  of  desirable  battery  electrode  materials  are  not 
well  understood  in  these  liquids.  In  this  paper  we  will  briefly  discuss  our  results  on 
rechai’geable  lithium  and  sodium  electrodes  in  chloroaluminate  melts  containing  thionyl 
chloride  and  then  will  present  more  recent  results  on  lithium  and  lithium-aluminum  alloy 
electrodes  in  the  (EMI)(BF4)  ionic  liquid. 


EXPERIMENTAL 

Melt  preparations  followed  standard  procedures  (1, 2,6,7).  Unless  stated 
otherwise,  all  experiments  were  performed  under  helium  or  nitrogen  atmospheres  inside  a 
Vacuum  Atmosphere  glove  box.  Electrochemical  experiments  were  accomplished  with  an 
EG&G  PARC  Model  273  Potentiostat/Galvanostat  interfaced  to  a  personal  computer 
using  the  Model  270  software  package.  The  electrodes  and  electrochemical  cells  are 
described  in  the  appropriate  references.  Potentials  are  reported  versus  an  Al/Al(in) 
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reference  electrode  (A1  wire  in  1.5: 1.0  AlClsiEMIC)  in  chloroaluminate  melts  and  versus 
an  A1  wire  quasi-reference  electrode  in  the  (EMI)(BF4)  electrolyte. 


RESULTS  AND  DISCUSSION 

Lithium  and  Sodium  Rechargeable  Anodes 

High  concentrations  of  alkali  metal  ions  can  be  introduced  into  the  chloroaluminate 
room-temperature  molten  salts  by  adding  an  alkali  metal  chloride  (MCI),  usually  LiCl  or 
NaCl,  to  a  melt  initially  containing  an  excess  of  Al2Cl7‘.  The  alkali  metal  salt  effectively 
neutralizes  the  Lewis-acidic  AI2CI7  via  the  reaction 

MCl(s)  +  AX2CW  ^  +  2A1C14'  [1] 

Because  the  alkali  metal  chloride  is  not  soluble  in  the  resulting  melt,  the  only  anion  present 
is  the  Lewis-neutral  AlCL’  species.  The  cations  are  and  the  heterocyclic  organic 
cation,  usuaUy  EMU.  In  these  melts,  any  Al2Cl7'  ions  produced  by  an  electrochemical 
process  are  neutralized  by  excess  solid  MCI,  and  any  chloride  ions  formed  are  precipitated 
as  MCI.  Therefore,  the  ionic  liquid  is  maintained  in  the  Lewis-neutral  state,  and  the 
system  is  termed  a  buffered  neutral  room-temperature  molten  salt  (11).  A  number  of 
ternary  room-temperature  melts  with  compositions  AICI3-EMIC-MCI  (MCI  =  LiCl,  NaCl, 
KCl,  RbCl,  and  CsCl)  have  been  prepared  and  studied  (10-13). 

We  have  examined  the  alkali  metal  couples  in  the  buffered  neutral  melts  and  have 
found  that  only  lithium  and  sodium  with  standard  reduction  potentials  of  -2.066  (±  0.005) 
and  -2.097  (±  0.050)  V  vs.  AFAl(IIl),  respectively,  can  be  electrodeposited  before 
reduction  of  the  organic  cation  (12).  Despite  these  themodynamic  indications,  elemental 
lithium  and  sodium  can  not  be  electrodeposited  from  the  pure  buffered  neutral  melts. 
Instead,  researchers  have  found  it  necessaiy  to  add  a  source  of  hydrogen  chloride  -  HCV 
(10,13-15),  gaseous  HCl  (16),  or  a  hydrogen  chloride  salt  (17)  -  to  the  melt  before 
elemental  lithium  and  sodium  can  be  deposited  and  stripped  at  an  inert  substrate  electrode. 
However,  because  hydrogen  chloride  volatilizes  from  the  melts,  the  desired  deposition¬ 
stripping  behavior  can  only  be  maintained  by  adding  HCI2  at  regular  intervals,  controlling 
the  gaseous  HCl  partial  pressure,  or  introducing  a  large  excess  of  a  hydrogen  chloride  salt. 
Therefore,  addition  of  hydrogen  chloride  is  not  an  ideal  method  for  achieving  rechargeable 
alkali  metal  anodes  in  these  melts. 

More  recently  we  have  achieved  reversible  lithium  and  sodium  deposition-stripping 
behavior  in  chloroaluminate  ionic  liquids  by  adding  small  quantities  (<  100  mM)  of  thionyl 
chloride,  SOCI2,  to  the  electrolyte  (18).  The  cycling  efficiencies  in  the  presence  of  the 
thionyl  chloride  solute  are  >  90%,  and  the  deposited  alkali  metals  exhibit  improved 
stability  under  open-circuit  conditions.  In  addition,  the  low  volatility  of  SOCI2  (b.p.  = 
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75.8  °C)  maintains  the  high  cycling  efficiencies,  even  in  an  open  vessel,  for  extended 
times.  A  more  detailed  discussion  of  this  system  is  presented  in  an  accompanying  paper  by 
Fuller  and  Carlin  in  this  proceedings. 

The  dramatic  improvements  in  the  cyclability  of  lithium  and  sodium  in  the  presence 
of  SOCI2  have  been  attributed  to  the  formation  of  a  thin,  stabilizing  solid-electrolyte 
interphase  (SEI)  at  the  electrode-electrolyte  interface.  This  SEI  has  been  extensively 
studied  for  lithium  and  lithium-ion  electrodes  in  organic  solvents  (19),  but  less  so  for 
sodium  (20,21).  The  SEI  is  formed  by  reaction  of  the  alkali  metal  with  components  in  the 
electrolyte  to  produce  inorganic  salts,  such  as  LiCl,  Li20,  and  Li2C03.  To  achieve  a  stable 
rechargeable  system,  the  SEI  must  be  a  good  ionic  conductor  for  the  ion  of  the  alkali 
metal  comprising  the  active  electrode.  In  chloroaluminate  ionic  liquids  containing  SOCI2, 
we  believe  the  SEI  is  composed  of  LiCl  or  NaCl,  depending  upon  the  alkali  metal  ion 
present  in  the  melt.  Figure  1  illustrates  the  formation  and  function  of  the  SEI  at  lithium: 
(A)  bare  substrate  electrode  in  buffered  neutral  AlCls-EMIC-LiCl  containing  SOCI2;  (B) 
electrodeposited  Li;  (C)  reaction  of  Li  with  SOCI2  to  produce  a  protective  LiCl  SEI  layer; 
(D)  Lf  transport  through  the  SEI  during  charge  and  discharge. 

Lithium  Anodes  in  (EMI)(BF4). 

We  have  recently  found  that  <  100  mM  H2O  in  (EMI)(BF4)  +  0.2  M  LiBF4 
promotes  the  electrodeposition  and  stripping  of  lithium  metal  from  this  non- 
chloroaluminate  ionic  liquid  (22).  A  cyclic  voltammogram  at  Pt  (area  =  0.02  cra^), 
illustrating  the  deposition-stripping  of  lithium  and  the  wide  electrochemical  window 
afforded  by  this  system  (>  5  V),  is  shown  in  Fig.  2.  The  Li/L^  couple  found  at  -3  V  is 
referenced  to  a  quasi-reference  electrode.  The  cycling  efficiency  in  this  voltammogram  is 
only  60%;  however,  this  may  be  improved  by  future  optimizations. 

The  H2O  is  believed  to  form  a  020  or  LiOH  SEI  on  the  electrodeposited  lithium 
metal  in  a  manner  similar  to  the  LiCl  SEI  depicted  in  Fig.  1.  In  addition,  a  number  of 
reduction  processes  occur  at  the  Pt  working  electrode  before  lithium  deposition.  Figure  3 
shows  an  expanded  view  of  the  cathodic  portion  of  Fig.  2  overlaid  with  additional  scans  in 
which  the  potential  was  switched  before  lithium  deposition.  Several  small  waves  ai'e 
found  in  this  region  and  are  attributed  to  direct  reduction  of  water  at  Pt  and/or  to 
electrochemical  alloying  of  lithium  with  the  Pt  surface.  We  believe  these  initial  reduction 
processes  act  to  passivate  the  Pt  electrode  towards  reduction  of  the  EMI^  cation  and 
cause  the  cathodic  window  limit  of  the  melt  to  shift  to  more  negative  potentials. 

Lithium-Aluminum  Alloys  in  (EMI)(BF4) 

The  extraordinary  interest  in  Li-carbon  anodes  for  Li-ion  batteries  with  organic 
electrolytes  prompted  us  to  examine  the  possibility  of  using  an  intercalating  lithium- 
graphite  anode  in  an  AlCL-EMlC-LiCl  room-temperature  molten  salt.  Initial  results 
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appeared  to  show  a  lithium  ion  intercalation  at  -1.4  V,  but  the  process  assigned  as  the 
deintercalation  occurred  at  -0.1  V  (23).  Subsequent  studies  in  our  laboratory  have  shown 
that  the  process  at  -1.4  V  is  not  the  intercalation  of  lithium  into  the  graphite  lattice,  but 
instead,  it  is  the  reduction  of  AlCLj*  from  the  buffered  neuti*al  melt.  This  reduction  is 
promoted  by  the  presence  of  the  lithium  ion  in  the  melt  and  results  in  the  fonnation  of  an, 
as  yet  unidentified,  Li-Al  alloy  phase  (Eq.  2). 

(4  -H  x)  Li’'  -H  AlCU'  +  (3  +  x)  e‘  4  LiCi(s)  +  LixAl(s)  [2] 

Unfortunately,  the  products  of  Eq.  2  slowly  coated  the  graphite  surface  with  a  film  of  solid 
LiCl  and  a  black  UxAl  alloy,  making  it  impossible  to  use  the  Li-Al  alloy  as  a  reversible 
electrode  (24).  Also,  it  eliminates  the  possibility  of  using  an  aluminum  cun-ent  collector  in 
the  buffered  neutral  chloroaluminates  melts  and  precludes  the  possibility  of  accessing  the 
p-LiAl  phase  which  should  form  at  +0.35  V  from  the  Li/Li^  couple  (25). 

To  overcome  these  limitation  inherent  to  the  AlCL-EMIC-LiCl  melts,  we  have 
performed  prelimmaiy  studies  of  Li-Al  alloy  formation  in  an  (EMI)(BF4)  melt  containing 
0.2  M  LiBF4.  In  these  studies,  an  A1  wire  (area  «  1  cm^)  was  used  as  the  working 
electrode  and  experiments  were  performed  on  a  lab  bench  and  were  exposed  to  the 
ambient  atmosphere.  Cyclic  voltammetric  scans  at  the  A1  wire  in  (EMI)(BF4)  +  0.2  M 
LiBF4  are  shown  in  Fig.  4.  Formation  of  a  Li-Al  alloy  at  -2.72  V  (versus  an  A1  quasi¬ 
reference  electrode)  is  clearly  present,  while  the  anodic  window  limit  at  A1  is  at  ca.  +2.5 
V.  The  cycling  efficiency  for  the  p-LiAl  anode  was  measured  consistently  at  >  90%,  even 
under  these  unoptimized  studies. 

The  potential  for  alloy  formation  is  compared  to  the  Li/Li’'  reduction  potential  in 
Fig.  5  where  the  Li/Li’'  couple  is  measured  at  a  Pt  electrode  in  the  same  melt  and  under 
identical  experimental  conditions.  The  lAHA*  potential  is  at  -3.07  V.  Therefore,  the 
reduction  potential  for  the  Li-Al  alloy  is  +0.35  V  more  positive  than  elemental  lithium  and 
is  in  agreement  with  the  potential  expected  for  the  P-LiAl  alloy  phase  (25).  This  alloy  has 
an  electricity  storage  capacity  of  790  Ah  kg  ^  At  this  time  it  is  not  clear  if  water  is  needed 
for  alloy  formation;  however,  preliminary  data  indicates  that  water  is  required  only  to  shift 
the  EMU  reduction  to  more  negative  potentials,  discussed  above,  and  not  to  form  an  SEI 
on  the  alloy  surface. 

Finally,  chronopotentiometric  experiments  were  performed  in  the  (EMI)(BF4)  + 
0.2  M  LiBF4  ionic  liquid  at  an  A1  wire  as  the  p-LiAl  anode  substrate  and  at  a  commercial 
LixCo02  cathode  material.  The  charge  and  discharge  chronopotentiometric  cuiwes  for 
these  two  electrode  materials  are  shown  in  Fig.  6.  The  p-LLAl  electrode  is  well  behaved 
with  charge  and  dischai'ge  potentials  (0.5  mA  cm^)  of  -2.81  and  -2.52  V,  respectively. 
The  UxCoOz  electrode  displays  charge  and  discharge  potentials  of  1.46  and  1.05  V  with 
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an  open-circuit  potential  of  ca.  1.34  V.  Therefore,  a  properly  engineered  p-LiAl  ! 
(EMI)(BF4)  +  LiBF4 1  LixCo02  cell  is  expected  to  have  an  operating  voltage  of  ca.  4  V. 
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Figure  1.  SEI  formation  and  function  at  lithium.  See  text  for  description. 


Figure  2.  Cyclic  voltammetry  at  Pt  (area  =  0.02  cm^)  in  (EMI)(BF4)  containing  0.2  M 
LiBF4  and  <  100  mM  H2O. 
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Figure  3.  Expanded  view  of  the  cathodic  portion  of  Fig.  2. 


Figure  4.  Cyclic  voltammograms  at  an  A1  wii'e  in  (EMI)(BF4)  +  0.2  M  LiBF4. 
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Figure  5.  Cyclic  voltammograms  at  A1  (curve  A)  and  at  Pt  (curve  B)  in  (EMI)(BF4)  +  0.2 
MLiBF4. 


Figure  6.  Chronopotentiometry  at  an  A1  wire  anode  (charge  A;  discharge  B)  and  at  a 
lixCoOa  cathode  (charge  C;  discharge  D)  in  the  (EMI)(BF4)  +  0.2  M  LiBF4. 
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ABSTRACT 

We  have  recently  demonstrated  that  the  addition  of  small  amounts 
of  SOCI2  in  both  sodium  and  lithium  buffered  chloroaluminate  molten  salts 
promotes  the  reversible  stripping  behavior  of  lithium  and  sodium  metal 
with  cycling  efficiencies  between  80-90%  (1),  In  addition  to  determining 
cycling  efficiencies,  we  have  performed  a  series  of  optica!  studies  in 
conjunction  with  electrochemical  experiments  at  varying  SOCI2 
concentrations  in  both  the  lithium  and  sodium  melts.  The  lithium  deposit 
appears  to  be  dendritic  in  nature  and  does  not  form  a  uniform  film  on  the 
tungsten  electrode.  Repeated  deposition  and  stripping  experiments 
(without  cleaning  the  electrode  between  cycles)  results  in  additional 
dendritic  growth  with  a  steady  decay  in  the  cycling  efficiency.  The  sodium 
deposit  is  a  flat  uniform  film  on  the  tungsten  electrode  with  little  or  no 
dendritic  growth.  Repeated  deposition  and  stripping  experiments  continue 
without  the  formation  of  dendritic  sodium  metal  and  the  cycling  efficiencies 
remain  constant. 


INTRODUCTION 

Room-temperature  chloroaluminate  molten  salts  have  been  investigated  as 
electrolytes  for  high  energy  density  batteries  employing  elemental  lithium  and  sodium 
anodes  (1-9).  The  primary  molten  salts  used  in  these  studies  are  prepared  by  adding  an 
excess  of  solid  LiCl  or  NaCl  to  AICI3-EMIC  melts  (EMIC  =  1 -ethyl-3 -methylimidazolium 
chloride)  having  AlCbiEMIC  molar  ratios  greater  than  1.0,  termed  acidic  melts.  The  solid 
alkali  metal  chloride  reacts  with  the  Lewis  acid  AI2CI7  species  in  the  acidic  melts,  forming 
the  Lewis  neutral  AlClf  anion  and  introducing  a  high  concentration  of  the  corresponding 
alkali  melt  cation  into  the  melt.  Because  the  excess  alkali  metal  chloride  is  insoluble  in  the 
final  melt,  it  acts  to  maintain  the  neutral  state  through  dissolution  and  precipitation 
reactions.  Therefore,  these  systems  have  been  termed  buffered  neutral  chloroaluminate 
molten  salts  (10).  The  high  concentration  of  alkali  metal  cations  in  these  melts  and  the 
negative  value  of  the  alkali  metal  reduction  potentials  make  the  buffered  neutral  melts 
feasible  electrolytes  for  rechargeable  high  energy  density  batteries  (1-9). 

In  this  article,  we  present  findings  on  reversible  lithium  and  sodium  deposition¬ 
stripping  behavior  in  buffered  neutral  melts  promoted  by  the  addition  of  measured 
quantities  of  thionyl  chloride  (SOCb).  The  cycling  efficiencies  in  the  presence  of  the 
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thionyl  chloride  solute  are  >90%,  and  the  deposited  alkali  metals  exhibit  improved  stability 
under  open-circuit  conditions  (1).  In  addition,  the  low  volatility  of  SOCI2  (b.p.  =  75.8  °C) 
maintains  the  high  cycling  efficiencies,  even  in  an  open  vessel  for  extended  times. 

Although,  the  role  of  SOCI2  in  these  systems  is  not  certain,  we  believe  that  this 
system  behaves  in  a  similar  fashion  to  the  conventional  organic  electrolytes  used  to  study 
many  rechargeable  lithium  anodes  in  which  “precursor”  additives  such  as  SO2,  CS2, 
POCI3,  and  SOCI2  are  in  low  concentrations  to  the  electrolyte.  These  additives  are 
instrumental  in  the  formation  of  a  passivating  film  on  the  surface  of  the  alkali  metal  anode 
and  thus  prevent  fiirther  reaction  between  the  organic  electrolyte  and  the  active  metal 
(10). 


To  better  understand  the  nature  of  the  alkali  metal  deposition  /  passivation  process, 
we  have  performed  a  series  of  electrochemical  experiments  in  conjunction  with  optical 
studies  of  the  electrode  surface  at  various  thionyl  chloride  concentrations  for  both  LiCl 
and  NaCl  buffered  melts.  This  allows  us  to  correlate  electrochemical  experiments  (cyclic 
voltammetry,  chronoamperometry,  and  open  circuit  monitoring)  with  the  thionyl  chloride 
concentration  in  the  melt  and  the  morphology  of  the  metal  deposit. 

EXPERIMENTAL 

The  melts  were  prepared  under  a  purified  helium  atmosphere  in  a  Vacuum 
Atmosphere  dry  box  at  ambient  temperature  (ca.  20  °C).  Acidic  melts  having  the  molar 
composition  1.1: 1.0  AlClsiEMIC  were  initially  prepared  by  the  addition  of  sublimed  AICI3 
to  EMIC  while  stirring.  The  EMIC  was  prepared  and  purified  as  previously  described. 
The  buffered  melts  were  then  prepared  by  the  addition  of  a  50  to  100%  excess  of  LiCl 
(99  990/,,^  Aldrich)  or  NaCl  (99.999%,  Aldrich)  to  the  1 . 1: 1.0  acidic  melt.  The  melts  were 
stirred  for  one  week  at  room  temperature.  The  melts  were  filtered  through  0.5  micron 
Teflon  syringe  filters  (Millipore).  The  resulting  melt  was  crystal  clear  and  of  suitable 
quality  for  the  optical  microscope  studies. 

The  buffered  melt  was  transferred  to  a  sealed  optical  microscope  electrochemical 
cell  and  removed  from  the  drybox.  For  a  more  detailed  description  of  the  cell  please  refer 
to  reference  11.  The  cell  was  fitted  with  rubber  septa  and  the  thionyl  chloride  (99+%, 
Aldrich)  was  added  directly  to  the  melt  using  an  HPLC  microsyringe.  All  electrochemical 
experiments  were  performed  at  a  250  pm  tungsten  wire  electrode,  constructed  as 
previously  described.  The  reference  and  counter  electrodes  were  aluminum  wires  inserted 
directly  into  the  melt.  An  aluminum  wire,  used  as  a  reference  electrode,  in  these  systems 
has  been  shown  to  be  relatively  stable  over  the  time  scale  of  these  experiments.  We  did 
observe  an  approximate  100  mV  shift  more  negative  in  the  reduction  potential  of  the  alkali 
metal  deposit  as  the  concentration  of  SOCI2  was  increased  in  the  melt.  We  are  unsure  at 
this  time  if  this  was  due  to  a  possible  reaction  between  the  aluminum  wire  and  the  SOCI2 
in  solution  or  if  it  is  potential  shift  of  the  alkali  metal  couple. 
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A  Nikon  Epiphot  metallurgical  inverted  microscope  equipped  with  bright-field  / 
dark-field  optics  and  with  an  attached  35  mm  camera  was  used  for  optical  observations 
and  photographs.  In  addition,  all  experiments  were  recorded  using  a  Sony  VCR  system 
for  archival  purposes.  All  electrochemical  experiments  were  performed  using  an  EG&G 
Princeton  Applied  Research  Model  273  Potentiostat  /  Galvanostat  controlled  with  the 
PAR  Model  270  software  package. 

RESULTS  AND  DISCUSSION 

Thionvl  chloride  electrochemical  reduction 

Figure  la  shows  the  electrochemical  behavior  at  a  1.6  mm  Pt  electrode  in  a 
1.1:1. 0:0.1  AlCl3:EMIC:NaCl  molten  salt.  The  broad  reduction  waves  starting  at  +0.4  V 
are  assigned  to  the  reduction  of  protonic  species  (12-13).  Following  addition  of  ca.  50 
mM  SOCI2,  a  new  reduction  wave  is  seen  in  Fig.  lb  at  Pt,  starting  at  +0.7  V  and  peaking 
at  -0.  IV.  At  a  250  pm  tungsten  electrode,  the  SOCb-containing  melt  shows  a  single 
irreversible  reduction  process  with  a  peak  potential  of  +0.65  V  (Fig.  2);  protons  are  not 
efficiently  reduced  at  tungsten  electrodes  in  these  melts  (13). 

Based  on  the  above  observations,  the  electrochemical  process  starting  at  ca.  +0.7 
V  is  assigned  to  the  irreversible  reduction  of  SOCb.  At  this  time,  we  will  not  speculate  on 
the  mechanism  of  SOCb  reduction  in  these  melts;  however,  the  symmetric  peak  shapes  in 
Fig.  lb  and  2  indicate  the  reduction  is  dominated  by  surface  electrochemistry  or  a 
passivation  process.  No  additional  features  are  observed  more  negative  of  the  potential 
assigned  to  SOCb  until  the  reduction  of  the  alkali  metal  Fig.  2.  Almost  identical  behavior 
has  been  seen  for  SOCb  reduction  at  microelectrodes  in  a  SOCb-LiAlCU  battery 
electrolyte  (14).  The  reduction  of  SOCb  at  an  inert  electrode  in  this  system  is  believed  to 
form  a  passivating  LiCl  film  on  the  electrode  surface  (15).  Also,  the  passivation  of  lithium 
metal  by  chemical  reaction  with  SOCb,  forming  a  solid-electrolyte  interphase  (SEI),  is  a 
critical  factor  in  primary  Li/SOCb  batteries  (16),  In  the  room-temperature  molten  salt 
electrolytes  studied  here,  a  similar  electrochemically  formed  passive  film  may  be 
responsible  for  the  negative  shift  in  the  reduction  potential  for  the  EMT"^  cation  which 
allows  the  lithium  and  sodium  reductions  to  be  so  clearly  resolved  (see  figures  3b  and  4b). 

It  has  been  proposed  that  a  thin  film  of  LiCl  or  NaCl  forms  on  the  alkali  metal 
surface  and  acts  to  protect  the  metal  from  additional  attack  of  the  molten  salt.  Due  to  the 
nature  of  the  buffered  melt,  the  alkali  chloride  salt  would  have  extremely  low  solubility  in 
the  melt  and  would  thus  provide  a  sufficient  passivating  film.  In  addition  to  the  formation 
of  a  stable  SEI,  it  is  advantageous  if  the  alkali  metal  deposit  is  non-dentritic  and  uniform. 


In  Situ  Optical  Observations  of  Alkali  Metal  Deposits 

Before  SOCb  was  added  to  the  buffered  neutral  LiCl  melt  the  lithium  was 
irreversibly  reduced  at  -1.7  V,  Fig.  3a.  Immediately  following  the  addition  of  10  pL 
SOCb  reversible  behavior  was  observed  with  efficiencies  greater  than  90%,  Fig.  3b. 
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Thionyl  chloride  was  subsequently  added  in  10  |iL  increments  to  the  buffered  LiCl  melt. 
A  staircase  cyclic  voltammogram  (100  mV  sec'*  at  250  jam  tungsten)  was  recorded  after 
each  addition  to  monitor  any  change  in  the  cycling  efficiency.  The  electrochemical 
experiments  were  visually  monitored,  and  the  lithium  deposit  was  photographed  after  each 
SOCI2  addition.  The  electrode  was  cleaned  before  each  experiment  by  scanning  to  +3.0 
V,  into  the  chloride  oxidation  wave,  to  remove  any  residual  film  remaining  on  the  tungsten 
surface. 


The  efficiencies  obtained  from  the  cyclic  voltammetry  results  for  each  SOCI2 
concentration  are  tabulated  in  Table  I  for  both  LiCl  and  NaCl  buffered  melts.  While 
staircase  cyclic  voltammetry  is  not  the  most  quantitative  electrochemical  technique,  it  is  a 
good  method  to  qualitatively  observe  film  behavior.  In  a  previous  paper,  we  have 
reported  quantitative  data  on  the  cycling  efficiencies  of  both  lithium  and  sodium  deposits 
(1). 


The  SOCI2  concentration  was  steadily  increased  from  23  mM  to  167  mM  in  the 
LiCl  buffered  melt.  No  apparent  benefit  was  observed  in  the  stability  of  the  film  at  higher 
SOCI2  concentrations.  Table  I.  The  recovery  of  lithium  remained  near  90%  for  all 
concentrations.  During  the  electrochemical  scan  the  electrode  remained  “clean”  until  the 
reduction  of  the  lithium  metal.  The  lithium  metal  was  dark  in  color  and  appeared  to  be 
rough  and  nodular,  forming  an  uneven  film  on  the  electrode  surface.  During  stripping  the 
lithium  deposit  darkened  further  and  appeared  to  detach  from  the  substrate  electrode  as 
the  potential  became  more  positive.  At  the  end  of  the  scan,  some  of  the  deposit  was  still 
visible  on  the  electrode  surface.  This  material  was  easily  removed  by  sweeping  anodically 
to  +3.0  V. 

In  the  NaCl  buffered  melt,  the  SOCI2  concentration  was  increased  from  18.5  mM 
to  148  mM.  At  18.5  mM  no  reversible  behavior  was  observed,  Fig.  4a.  Following  the 
addition  of  more  SOCI2  to  the  melt,  reversible  sodium  behavior  was  observed,  Fig.  4b. 
Cycling  efficiencies  for  sodium  remained  relatively  constant  at  85%  for  concentrations 
between  48  mM  and  148  mM,  Table  I.  At  all  concentrations  above  48  mM,  the  sodium 
deposit  appeared  flat  and  grainy  with  no  dendritic  growth.  The  sodium  film  exhibited 
some  coloration  immediately  following  the  deposition  and  darkened  during  discharge. 
This  observation  of  color  could  be  due  to  the  reaction  of  the  sodium  metal  with  the 
organic  cation  or  with  the  thionyl  chloride.  Although  the  sodium  deposit  stripped  cleanly 
from  the  tungsten  surface,  the  electrode  was  anodically  cleaned  before  each  experiment. 

Chrompotentiometrv 

Using  a  LiCl  buffered  melt,  chronopotentiometric  experiments  were  performed  at 
1  pA  (2  mA  cm'^)  for  600  sec  at  each  SOCI2  concentration.  The  results  are  tabulated  in 
Table  II.  In  situ  observation  of  the  growth  of  the  lithium  film  under  dark  field  illumination 
revealed  the  formation  of  a  rough  and  dendritic  surface.  The  presence  of  the  dendritic 
lithium  was  prevalent  and  seemed  independent  of  SOCI2  concentration.  Growth  of  the 
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dendrites  from  the  edges  was  more  excessive  at  longer  deposition  times.  During  the 
stripping  at  2  mA  cm*\  the  lithium  deposit  appeared  to  disconnect  from  the  tungsten 
electrode  and  seemed  to  “float”  near  the  surface.  Stripping  efficiencies  remained 
reasonably  constant  through  all  SOCI2  concentrations.  Repeated  cycling  of  the 
deposition/stripping  experiments  without  cleaning  the  electrode  resulted  in  a  steady  decay 
in  efficiencies;  85.6%,  80.7%,  70.6%,  and  69%  for  four  runs,  respectively.  This  decrease 
in  efficiency  is  further  evidence  of  “dead”  lithium  on  or  near  the  electrode  surface. 

Using  a  NaCl  buffered  melt,  chronopotentiometric  experiments  were  performed  at 
1  |iA  (2  mA  cm'^)  for  600  sec  at  each  SOCI2  concentration.  The  results  are  tabulated  in 
Table  III.  In  situ  observation  of  the  growth  of  the  sodium  film  under  dark  field 
illumination  revealed  the  formation  of  a  rough  but  non-dendritic  surface.  Stripping 
efficiencies  remained  reasonably  constant  through  all  SOCI2  concentrations.  Efficiencies 
obtained  from  repeated  cycling  of  the  deposition/stripping  experiments  without  cleaning 
the  electrode  were  relatively  constant  at  85%  for  four  sequential  runs. 

CONCLUSIONS 

Lithium  and  sodium  deposition-stripping  studies  performed  in  buffered  neutral 
chloroaluminate  molten  salts  show  high  cycling  efficiencies  in  the  presence  of  a  low 
concentration  of  SOCI2.  The  role  of  SOCI2  in  these  systems  is  not  certain;  however,  it 
may  produce  a  stabilizing  SEI  layer  in  a  similar  manner  as  in  primary  Li-SOCL  batteries. 
Optical  observations  indicate  that  the  lithium  deposit  is  dendritic  in  nature  at  all  SOCI2 
concentrations  studied.  The  sodium  deposit  is  flat  and  non-dendritic  at  all  SOCI2 
concentrations.  Future  studies  will  investigate  the  passivating  film  and  attempts  will  be 
made  to  “flatten”  the  lithium  deposit  through  the  use  of  other  additives. 
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Table  I:  Cycling  efficiencies  for  lithium  and  sodium  deposits  at  various  thionyl  chloride 
concentrations.  100  mV  sec  ^  cyclic  voltammograms  at  a  250  pm  tungsten  electrode. _ 


LiCI  Buffered  Melt 

SOCb  Concentration 
(mM) 

%  Efficiency 

NaCI  Buffered  Melt 

SOCb  Concentration 
(mM) 

%  Efficiency 

23 

90 

18.5 

0 

60 

87 

48 

83 

76 

91 

74 

85 

106 

91 

111 

84 

137  ' 

91 

148 

85 

167  1 

91 

Table  II:  Lithium  deposition-stripping  at  1  pA  (2  mA  cm'^)  for  600  sec  at  each  SOCb 


concentration. 


SOCb  Cone. 

Edeposition  (V) 

EstrippiriK  (V) 

%  Efficiency 

0.076M 

-2.295 

-2.240 

88.5 

0.1 06M 

-2.310 

-2.255 

88.2 

0.137M 

-2.335 

-2.285 

89 

0.167M 

-2.360 

-2.310 

88 

Table  III:  Sodium  deposition-stripping  at  1  pA  (2  mA  cm‘^)  for  600  sec  at  each  SOCb 


concentration. 


SOCb  Cone. 

Edeposition  (V) 

Estrippinp  (V) 

%  Efficiency 

0.048M 

-2.410 

-2.185 

83 

0.074M 

-2.500 

-2.220 

82.8 

O.lllM  1 

-2.610 

-2.505 

82.8 

0.148M 

-2.665 

-2.565 

80 
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Fig.  1.  Electrochemical  behavior  in  1  AlCU:EMIC:NaCl  at  a  1.6  mm  Pt 

electrode  (a)  without  SOCI2  and  (b)  after  the  addition  of  ca.  50  mM  SOCI2.  Scan  rate  = 
100  mV  s'*. 


Fig.  2.  Cyclic  voltammogram  showing  SOCI2  reduction  in  1.1;1.0:0. 1  AlCU;EMIC:NaCl 
at  a  250  |j.m  tungsten  electrode.  Scan  rate  =  100  mV  s''. 
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Fig.  3.  Lithium  electrochemistry  in  1.1: 1.0.0. 1  AlCl3:EMIC;LiCl  at  a  250  ^m  tungsten 
electrode  (a)  without  and  (b)  with  addition  of  23  mM  SOCL-  Scan  rate  =  100  mV  s  V 


Fig.  4.  Sodium  electrochemistry  in  1.1:1,0:0.1  AICLiEMICiNaCl  at  a  250  ^im  tungsten 
electrode  (a)  with  addition  of  18.5  mM  SOCI2  and  (b)  with  addition  of  48  mM  SOCI2. 
Scan  rate=  100  mV  s'V 
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ELECTROCHEMISTRY  OF  VANADIUM  OXIDES  IN 
ROOM  TEMPERATURE  MOLTEN  SALT  ELECTROLYTES 

David  M.  Ryan  and  Thomas  L.  Riechel 
Department  of  Chemistry 
Miami  University 
Oxford,  Ohio  45056 


ABSTRACT 

The  electrochemistry  and  UV-visible  spectroscopy  of  several  high 
oxidation  state  vanadium  oxides  have  been  investigated  in  room 
temperature  molten  salts  formed  by  mixing  l-methyl-3-ethylimidazohum 
chloride  with  AICI3.  V2O5,  NaVOs,  Na3V04,  V2O4,  and  V2O3  were  studied 
in  acidic,  basic,  neutral,  neutral-buffered,  and  neutral-buflfered-protonated 
melts.  Most  of  these  compounds  have  limited  solubility  of  about  5mM  or 
less.  Cyclic  voltammograms  of  V2O5  in  the  acidic  melt  show  two  reduction 
peaks  at  1.7  and  0.5V.  Upon  reduction  of  the  1.7V  peak  a  new  absorption 
peak  is  observed  at  510nm  in  the  visible  spectrum.  This  is  beheved  to 
correspond  to  a  V(IV)  species,  but  con^arison  to  V2O4  is  difiBcult  because 
of  that  compound’s  low  solubility.  Neither  of  the  two  reduction  peaks  for 
V2O5  are  reversible.  The  monosodium  V(V)  salt,  NaVOs,  is  more  soluble 
than  the  trisodium  salt,  Na3V04,  in  all  cases.  In  acidic  melt  it  exhibits 
peaks  similar  to  those  for  V2OS,  except  that  the  more  positive  peak  is 
shifted  to  about  1.3  V.  V2O5  and  NaVOs  are  the  best  candidates  for  battery 
cathodes,  but  neither  exhibit  reversible  electrochemistry  as  needed  for  a 
secondary  cell. 


INTRODUCTION 

Room  temperature  chloroaluminate  molten  salts  have  been  considered  as 
electrolytes  for  primary  and  secondary  batteries  [1-3].  Sodium,  lithium,  and  aluminum 
have  been  studied  as  possible  battery  anodes  with  these  electrolytes,  while  the 
electrochemistry  and  spectroscopy  of  numerous  transition  metals  have  been  reported  in 
order  to  evaluate  their  use  as  possible  cathodes  [4,5].  Only  a  few  vanadium  species  have 
been  investigated  in  such  systems.  An  early  study  examined  V2O5  in  a  LiCl-KCl  melt  at 
450"C  [6].  Recently  a  few  studies  have  appeared  in  which  V2O5  and  other  oxides  were 
examined  in  xerogels  [7-9]  at  or  near  room  temperature.  In  one  case  [9]  a 
chloroaluminate  melt  doped  with  magnesium  chloride  was  used  at  SO^C.  We  report  here  a 
survey  of  the  electrochemistry  and  UV-visible  spectroscopy  of  vanadium  oxides  in  the 
(HI),  (IV),  and  (V)  oxidation  states  studied  in  acidic,  basic,  and  neutral  melts  of  1-methyl- 
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3-ethylimidazoUum  chloride  (MEICl)  and  AICI3.  The  purpose  is  to  evaluate  the  feasihihty 
of  using  such  materials  as  cathodes  in  ceUs  incorporating  room  temperature 
chloroalmninate  molten  salt  electrolytes. 


EXPERIMENTAL 

Cyclic  voltammetry  and  controlled  potential  coulometry  were  performed  using  a 
Bioanalytical  Systems  (BAS)  Model  lOOA  Electrochemical  Analyzer.  A  three  electrode 
cell  was  employed  using  BAS  Pt,  W,  and  glassy  carbon  working  electrodes  for  the 
voltammetry  experiments.  A  Pt  mesh  electrode  was  the  working  electrode  for  the 
coulometric  experiments.  TTie  reference  electrode  consisted  of  an  A1  wire  in  a  0.6  mole 
fraction  AICI3  melt.  The  auxihary  electrode  was  a  Pt  flag.  All  measurements  were  made 
in  a  Vacuum  Atmospheres  glove  box  under  a  dry  nitrogen  atmosphere. 

Preparation  of  the  acidic,  basic,  neutral,  and  neutral-buffered  melts  of  MEICl/ AICI3 
have  been  described  previously  [1-3].  The  neutral-buffered-protonated  melt  was  made  by 
adding  triethanolamine.HCl  to  the  neutral-buffered  melt  as  given  in  ref  [3].  The  vanadium 
oxides  studied,  V2O5,  NaV03,  Na3V04,  V2O4,  and  V2O3,  were  obtained  from  Aldrich  or 
Alfa/Aesar. 

UV-visible  spectroscopy  was  carried  out  using  a  Hewlett  Packard  Model  8452A 
diode  array  spectrometer  and  quartz  cuvettes. 


RESULTS  AND  DISCUSSION 

Our  initial  studies  focused  on  the  vanadium  (V)  oxides  and  V2O5  in  particular.  A 
Lewis  neutral  melt  (N=0.5,  the  mole  fraction  of  AlCE)  was  made  by  mixing  equal  molar 
amounts  of  !-methyl-3-ethylimidazolium  chloride  with  AICI3.  The  light  orange  V2O5  did 
not  readily  dissolve.  After  heating  to  80°C,  sonicating,  and  stirring  overnight,  a 
suspension  of  <10mM  V2O5  was  obtained.  The  cyclic  voltammogram  of  this  suspension  is 
shown  in  Figure  1 .  The  rest  potential  shifted  positively  from  that  of  the  blank  melt  and  two 
peaks  appeared,  a  reduction  peak  at  0.5V  and  an  oxidation  peak  at  1.2V.  The  oxidation 
peak  only  arises  after  scanning  through  the  reduction  peak.  Thus,  the  two  peaks  are 
related,  although  they  clearly  do  not  constitute  a  reversible  couple.  Because  of  the  small 
currents  observed,  the  species  responsible  for  these  peaks  are  not  certain. 

To  explore  the  solubiltiy  of  V2O5  in  a  Lewis  acidic  melt,  enough  V2O5  was  placed 
in  an  N=0.55  melt  to  make  a  lOmM  solution.  Although  this  material  also  did  not  dissolve 
completely  even  after  prolonged  stirring,  upon  filtration  to  remove  the  undissolved  sohd, 
an  orange  solution  resulted.  As  shown  in  Figure  2,  the  voltammogram  of  this  solution  has 
a  rest  potential  of  about  1.9V,  which  is  more  positive  than  that  for  the  suspension  of  this 


Electrochemical  Society  Proceedings  Volume  96-7 


382 


reagent  in  the  neutral  melt.  Furthermore,  a  new  reduction  peak  appeared  at  1.7V. 
Controlled  potential  electrolysis  was  carried  out  on  this  solution  at  1.55V.  After  several 
hours  a  large  residual  current  remained.  The  number  of  coulombs  recorded  was  not  useful 
data  because  the  exact  concentration  of  material  was  not  known.  The  resulting 
voltammogram.  Figure  3,  shows  that  the  species  responsible  for  the  1.7V  reduction  peak 
has  been  consumed.  Couqtarison  of  UV-visible  spectra  recorded  before  and  after  the 
electrolysis  step  also  show  a  significant  difference.  Figure  4  is  the  spectrum  of  V2O5 
before  electrolysis.  Three  large  absorbance  peaks  are  observed  below  400  nm,  and  the 
rest  of  the  visible  spectrum  is  blank.  After  electrolysis,  the  resulting  spectrum  (Figure  5) 
shows  that  of  the  three  peaks  below  400  nm  only  the  lowest  wavelength  peak  is  still 
present.  (Shoulders  for  the  other  two  peaks  are  still  evident.)  Also,  a  new  peak  is  present 
at  510  mn.  We  beUeve  that  this  is  due  to  a  vanadium  (IV)  species.  Attempts  to  study 
V2O4  for  comparison  have  been  fi^itless  because  this  compound  is  essentially  insoluble. 

V2O5  has  also  been  examined  in  other  melt  compositions.  In  a  basic  melt  (N==0.45) 
solubility  is  very  low  and  there  are  no  reduction  peaks  within  the  voltage  window 
estabhshed  by  Cf  oxidation.  In  a  neutral  melt  buffered  with  NaCl  the  voltage  window  is 
over  4V  wide,  but  no  activity  is  observed.  In  a  neutral  buffered  melt  with  protons  added 
(0.060M  triethanolamine.HCl,  as  in  ref  [3])  the  plating  and  stripping  of  sodium  was 
observed,  but  no  redox  activity  attributable  to  vanadium  was  evident. 

Two  vanadium  (V)  sodium  salts  were  also  investigated.  The  monosodium  salt, 
NaVOs,  dissolved  completely  at  a  concentration  of  30mM  in  a  neutral  melt,  but  over  time 
deposited  a  white  solid  beheved  to  be  either  NaCl  or  NaAlClj.  (Both  are  known  to  be 
insoluble  in  neutral  melts.)  The  voltammogram  of  this  solution  is  shown  in  Figure  6.  The 
reduction  peak  at  0.5V  and  the  oxidation  peak  at  1.2V  appear  to  be  due  to  the  same 
species  as  observed  for  V2O5  in  neutral  melt  (Figure  1)  but  with  larger  currents  as 
expected.  Na3V04  was  only  slightly  soluble  in  neutral  melt,  but  its  voltammograms 
ejdiibited  the  same  two  peaks. 

The  solubility  of  NaVOs  in  acidic  melt  is  about  7mM.  Tbe  voltammogram  of  such 
a  solution  is  shown  in  Figure  7.  This  voltammogram  is  similar  to  that  of  V2O5  in  acidic 
melt  (Figure  2)  in  that  there  are  two  reduction  peaks  in  the  positive  potential  range.  The 
more  positive  peak  is  shifted  to  about  1.3V,  as  conq>ared  to  1.7V  for  V2O5.  Because 
reduction  peaks  this  far  positive  are  not  observed  in  the  voltammograms  for  any  of  the 
lower  oxidation  state  vanadium  oxides,  these  peaks  are  believed  to  be  reduction  of 
vanadium  (V). 

Results  for  Na3V04,  V2O4,  and  V2O3  show  little  because  of  the  very  slight 
solubility  of  these  compounds  in  the  various  melts.  Further  work  is  underway  to  identify 
the  dominant  vanadium  (V)  species  present  in  acidic  melts  of  V2O5  and  NaV03.  Neither 
of  these  compounds  appear  to  be  useful  for  reversible  cathodes,  but  may  find  use  in 
primary  cells. 


Electrochemical  Society  Proceedings  Volume  96-7 


383 


ACKNOWLEDGEMENTS 


This  work  was  supported  by  an  Academic  Challenge  grant  to  Miami  University. 
DMR  thanks  the  Wright  Laboratory,  Wright-Patterson  Air  Force  Base,  OH,  for  support 
while  conducting  this  study. 


REFERENCES 

1.  J.  Fuller,  R.  A.  Osteryoung  and  R.  T.  Carlin,  J.  Electrochem.  Soc^  142,  3632  (1995). 

2.  G.  E.  Gray,  P.  A.  Kohl  and  J.  Winnick,  J.  Electrochem  Soc^  142,  3636  (1995). 

3.  B.  J.  Piersma,  D.  M.  Ryan,  E.  R.  Schumacher  and  T.  L.  Riechel,  J.  Electrochem  So.£^ 
143,908(1996). 

4.  C.  L.  Hussey  in  “Chemistry  of  Nonaqueous  Solutions,  Current  Progress,  G. 
Mamantov  and  A.  I.  Popov,  Eds.,  VCH  Publishers,  New  York,  1994,  Chapt.  4. 

5  R.  T.  Carlin  and  J.  S.  Wilkes  in  “Chemistry  of  Nonaqueous  Solutions,  Current 
Progress,”  G.  Mamantov  and  A.  I.  Popov,  Eds.,  VCH  Publishers,  New  York,  1994, 
Chapt.  5. 

6.  H.  A.  Laitinen  and  D.  R  Rhodes,  J.  Electrochem.  Soc.,  109,  413  (1962). 

7.  R  Baddour,  J.  P.  Pereira-Ramos,  R  Messina  and  J.  Perichon,  J.  Electroanal.  Chem^ 
277,  359  (1990). 

8.  D.  B.  Le,  S.  Passerini,  A.  L.  Tipton,  B.  B.  Owens  and  W.  H.  Smyrl,  J.  Electrochem.. 
Soc..  142,  L102  (1995). 

9.  P.  Novak,  W.  Scheifele,  F.  Joho  and  O.  Haas,  J.  Electrochem.  Soc..  142,  2544  (1995). 


Electrochemical  Society  Proceedings  Volume  96-7 


384 


E{VOLT) 

Figure  1.  Cyclic  voltammogram  of  a  <10mM  V2O5  suspension  in  a  Lewis  neutral 
MEICl/AiCla  melt  at  a  Pt  working  electrode.  Scan  rate  O.lV/sec. 


ElVOLT] 

Figure  2.  Cyclic  voltammogram  of  a  iSltered  V2O5  solution  in  a  Lewis  acidic  MEICI/AICL 
melt  at  a  Pt  working  electrode.  Scan  rate  0. 1  V/sec. 


•  E(VOLT) 

Figure  3.  Cyclic  voltammogram  of  the  V2O5  solution  in  Figure  2  after  controlled  potential 
electrolysis  at  1.55V.  Scan  rate  0.  IV/sec. 
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Figure  4.  UV-visible  spectrum  of  V2O5  in  a  Lewis  acidic  MEICI/AIC3  melt. 


Figure  5.  UV-visible  spectrum  of  V2O3  in  a  Lewis  acidic  MEICI/AICI3  melt  after 
electrolysis  at  L55V. 


Electrochemical  Society  Proceedings  Volume  96-7 


EtVOLT) 


Figure  6.  Cyclic  voltammogram  of  30  mM  NaVOj  in  a  Lewis  neutral  MEICI/AICI3  melt  at 
a  Pt  working  electrode.  Scan  rate  0.  IV/sec. 
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Figure  7.  Cyclic  voltammogram  of  7  mM  NaVOs  m  a  Lewis  acidic  MEICI/AICI3  melt  at  a 
Pt  working  electrode.  Scan  rate  0. 1  V/sec. 
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THE  ROLE  OF  MELT  CHEMISTRY  IN  MOLTEN  CARBONATE  FUEL 
CELL(MCFC]  TECHNOLOGY 

J.  Robert  Selman  and  M.S.  Yazici 
Department  of  Chemical  and  Environmental  Engineering 
Illinois  Institute  of  Technology 
Chicago, EL  60616 

ABSTRACT 

An  overview  is  presented  of  recent  developments  in  MCFC  technology  that 
are  related  to  the  melt  chemistry.  The  status  of  chemical  and  electrochemical 
aspects  of  MCFC  technology  is  reviewed,  with  emphasis  on  the  electrode 
kinetics,  in  particular  of  the  cathode,  and  on  the  corrosion  mechanism  of 
electrode  and  separator  plate  materials.  Although  the  current  demonstrations 
of  large  scale  MCFCs  all  make  use  of  Li-K  carbonate  eutectic,  there  is 
considerable  interest  in  alternative  electrolyte  compositions.  It  appears  that 
for  the  long-term  performance  of  the  MCFC,  a  Li-Na-K  carbonate  mixture 
with  a  composition  close  to  that  of  the  Li-Na  eutectic  would  be  advantageous. 

Background:  requirements  for  commercialization 

This  paper  aims  to  give  an  overview  and  status  report  on  some  chemical  and 
electrochemical  issues  that  relate  directly  to  the  performance  and  stability  of  molten 
carbonate  fuel  cells.  The  molten  carbonate  fuel  cell(MCFC),  after  intensive  development 
during  recent  decades,  is  approaching  commercialization.  It  is  considered  a  prime 
candidate  for  efficient  generation  of  electric  power,  and  cogeneration  of  heat  and  power. 
In  1996  demonstrations  of  250  kW-2  MW  size  MCFC  plants  will  take  place  in  the  U.S. 
and  Japan,  while  several  European  countries  pursue  MCFC  development  programs  aimed 
at  developing  MW-size  plants[l-3]. 

Cost  issues  determine  the  overall  direction  of  current  research  related  to  MCFC 
technology.  Whereas  a  few  years  ago,  chemical  and  electrochemical  questions 
dominated  the  research  agenda,  present  emphasis  is  on  new  or  improved  materials,  and 
on  system  design.  However,  chemical  and  electrochemical  aspects  of 
“performance’Xpower  density)  and  “life  time”(stability  in  long-term  performance)  remain 
of  great  importance. 

Increasing  the  power  density(presently  1.0-1.25  kW/m  )  must  be  accomplished  by 
improving  electrode  design  and  by  pressurized  operation(below  10  bar).  Extending  the 
life  time  of  MCFC  stacks(which  now  rarely  exceeds  10,000  h),  to  at  least  20,000  h  in 
pressurized  operation,  requires  a  substantial  reduction  in  performance  decay [4]. 
Although  much  progress  has  been  made  recently,  the  performance  decay  of  scaled-up 
cells  and  stacks(now  in  the  range  of  2-5  ^tV/h)  is  not  completely  understood  and 
controllable.  Further  reduction  by  new  materials  and  fabrication  technologies  must  be 
based  in  insight  in  MCFC  kinetics  and  corrosion. 
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Background:  fundamental  aspects 

MCFC  technology  has  almost  from  the  beginning  been  based  on  the  unique  property 
of  molten  carbonates  to  remain  invariant  in  contact  with  carbonaceous  gas,  and  to  be 
excellent  ionic  conductors  in  a  temperature  range  starting  at  600  “C,  which  is  reasonably 
compatible  with  the  operational  range  of  natural  gas  reformers(optimally  at  800  °C). 
Nevertheless,  in  spite  of  these  unique  properties,  there  are  a  number  of  fundamental 
difficulties  connected  with  the  application  of  molten  carbonates  in  fuel  cells. 

1 .  First  of  all,  the  oxygen  chemistry  in  these  melts  tends  to  be  complicated  by  the 
presence  of  higher  oxides(superoxide,  peroxide,  as  well  as  unstable  and  adsorbed 
intermediates,  see  Table  1).  This  makes  the  oxygen  reduction  process  relatively  slow, 
compared,  for  example,  to  metal  deposition  from  alkali  chloride  melts  at  the  same 
temperature. 

2.  Furthermore,  the  capillary  properties  of  molten  carbonate  are  highly  dependent  on  the 
gas  atmosphere,  as  well  as  the  type  of  substrate.  Wetting  angles  can  vary  from  close  to 
zero  for  oxide  type  surfaces  in  melts  under  oxidant  gas,  to  practically  60°  at  metals  under 
reducing  conditions.  This  exacerbates  the  “creeping”  tendency  of  carbonates,  which  is 
well-known.  Whereas  creeping  of  molten  salts  is  usually  caused  by  a  temperature 
gradient  as  driving  force,  in  molten  carbonates  creeping  is  exacerbated  by  the 
combination  with  corrosion  of  metal  surfaces  and  oxygen  reduction  at  conducting  oxide 
substrate.  Nevertheless,  in  practice  the  creeping  of  molten  carbonates  can  be  controlled 
by  careful  design,  in  particular  by  avoiding  steep  concentration  gradients  in  the  gas 
composition  and  contact  with  corrodable  materials.  The  latter,  however,  is  difficult  to 
accomplish,  because  of  the  third  peculiarity  of  molten  carbonates. 

3.  As  is  well-known,  molten  carbonates  are  extremely  corrosive.  This  property  is  well 
understood  in  the  case  of  metals,  and  the  thermodynamics  of  the  corrosion  processes 
under  various  gas  atmospheres  have  been  known  for  some  time.  Only  noble  metals  such 
as  palladium  and  gold  are  resistant  to  corrosion  by  molten  carbonate  under  and  oxidant 
atmosphere.  Even  these  noble  metals  dissolve  slowly  if  the  melt  is  strongly  basic,  for 
example  in  a  Li-rich  carbonate  melt  under  very  low  COj  partial  pressure.  Nevertheless, 
certain  alloys  such  as  stainless  steels  are  protected  by  a  passive  layer  which  retards(but 
does  not  eliminate)  corrosion.  However,  the  corrosion  mechanism  of  alloys  in  molten 
carbonate  is  poorly  understood. 


Electrode  kinetics:  effect  on  power  density 

Target  power  densities  of  2,0  to  2.5  kVJ/rn  require  increasing  the  current  density 
from  1.65  to  3.0  kA/m^  without  lowering  the  present  cell  voltage(0.75  V).  Table  2 
shows  approximate  voltage-loss  contributions  for  single  cells  at  1.65  kA/m  .  The 
ohmic(IR)  contribution  to  overall  voltage  loss  is  not  insignificant,  but  cannot  be  reduced 
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below  a  certain  minimum  level(typically  that  of  a  1  mm  thick  electrolyte  matrix),  without 
causing  gas  cross-over.  To  further  reduce  IR-drop,  recent  work  focuses  on  using  as 
electrolyte  the  Li-Na  carbonate  eutectic,  which  has  a  30%  higher  conductivity  than  Li-K 
eutectic,  and  also  is  less  volatile[5,6] 

It  is  not  clear,  however  how  this  would  affect  the  polarization  of  the  cathode,  which 
is  the  dominant  voltage  loss  contribution.  In  the  standard  Li-K  eutectic,  polarization  is 
due  in  equal  measure  to  slow  electrode  kinetics,  mass  transfer  resistance,  and  ionic-ohmic 
resistance  of  the  cathode  pores[7].  According  to  recently  reported  calculations,  Li-Na 
carbonate  eutectic  would  have  a  smaller  cathode  polarization  than  Li-K  carbonate[5](see 
Figure  1).  This  is  confirmed  by  some  experimental  performance  data[6];  however,  other 
data  are  inconclusive,  and  appear  to  reinforce  arguments  that  the  lower  oxygen  solubility 
may  limit  the  cathode  performance  in  Li-Na  mixtures(see  Table  3). 

Thus,  there  is  a  practical  incentive  to  investigate  the  electrode  kinetics  of  Li-Na  and 
Li-Na-K  mixtures  more  closely.  It  is  desirable  to  review  the  traditional  assumption  that 
the  oxygen  reduction  mechanism  in  such  mixtures  involves  peroxide  ions  as  primary 
reactants.  Work  by  Reeves(see  Figure  2)  on  electrode  kinetics  in  Li-K  mixtures 
containing  Sr  and  Ca  carbonate  as  additives[8]  points  to  the  inadequacy  of  existing 
mechanistic  models,  as  does  the  discovery  by  Uchida  and  coworkers[9]  of  “  spike  peaks” 
presumably  due  to  adsorbed  intermediate  products. 

Corrosion:  effect  on  life  time 

Recently,  the  corrosion  of  iron,  nickel  and  chromium,  and  various  alloys(especialiy 
Types  310  and  316  stainless  steel)  has  been  investigated  systematically[10].  The  role  of 
surface  layers  of  LiFeOj,  which  conducts  well  but  is  porous,  and  of  LiCrOj,  which  is 
compact  and  dense,  is  becoming  increasingly  clear(see  in  this  volume,  Yazici  and 
Selman,  and  Yanagida  et.al.).  But  the  detailed  mechanism(kinetics  and  diffusion)  by 
which  these  corrosion  layers  form,  and  a  quantitative  correlation  with  the  corrosion  rate, 
in  short  term  and  long  term  operation,  still  escapes  us. 

Combining  optical  observation  with  electrochemical  in-situ  techniques  and  post-test 
analysis  can  yield  new  insights.  Recent  work  at  nT[ll,12]  has  revealed  the  surprisingly 
dynamic  and  non-uniform  character  of  the  oxidation  of  metals  such  as  nickel,  which 
takes  place  during  in-situ  oxidation  of  nickel  metal  to  form  a  NiO  cathode.  Figure  3 
shows  various  stages  of  the  oxidation  process,  which  is  accompanied  by  gas  evolution. 

It  appears  that  also  from  the  viewpoint  of  NiO  dissolution  and  metal  corrosion  as  a 
factor  in  cell  life,  Li-Na  carbonate  has  advantages(Table  3,  Figure  4). 
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Table  1.  Possible  oxygen  reduction  mechanisms 


Table  3.  Physical  properties  of  molten  carbonates  at  650  ®C 


Li2C03/K2C03(62/38) 

Li2C03/Na3C03(53/47) 

O2  solubility(mol/cm''atm) 

3.3x10''  (50/50) 

1.8x10'' 

Basicity(pO"') 

6.9 

6.62 

Electrical  conductivity  (H'^cm'^) 

1.4-1. 6 

2. 1-2.3 

Electrolyte  vapor  loss  (g  cm’’’) 

-32x1 0'*“ 

-3.5x10'“^ 

References; 

-Advances  in  Molten  Salt  Chemistry  Vol  4 

-Physical  Properties  Data  Compilations  Relevant  to  Energy  Storage 


Figure  1.  Cell  voltage  vs.  operation  pressure  with  different  electrolyte  mixtures(ref.  5) 
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Current  density,  (tnA/cm2) 
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Figure  2.  Effect  of  SrCOj  on  the  Steady  State  Performance  in  Li/K(50/50)  carbonate. 
Po2=0.33,  Pco2=0-67,  T=  650  °C.(ref.  8) 
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TIME,  h 

Figure  3.  Time  development  of  nickel  oxidation  under  gas  evolution  in  carbonate  melt  at 
650°C(ref.  II) 


logPcoj 

Figure  4.  Solubility  of  NiO  in  various  melts  as  a  function  of  Pco2  K(Ota 

et.al.,JES,VoI.139,  No.3(1992)) 
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MASS  TRANSFER  AND  STEADY  STATE 
CONCENTRATION  DISTRIBUTIONS  OF 
BINARY  MOLTEN  CARBONATE  ELECTROLYTES 
AND  ADDITIVES  IN  MCFCs 


Th.  Brenscheidt,  0.  Bdhme,  H.  Wendt 
Institut  fur  Chemische  Technologie,  TH  Darmstadt 
Petersenstr.  20,  D  -  64287  Darmstadt,Germany 

Abstract 

The  ionic  mobilities  of  the  cations  Li"^,  and  Na"^  in  alkali  carbonate 
melts  is  not  equal  and  the  small  lithium  cation  is  opposite  to  intuitive 
assumption  but  according  to  the  Chemla  effect  in  certain  concentration 
ranges  slower  than  the  heavier  cations  Na"^  and  if  the  lithium 
carbonate  concentration  is  below  the  so-called  crossing  point.  For 
eutectic  lithium/potassium  carbonate  melts  this  condition  holds  and 
considerable  accumulation  of  potassium  over  lithium  carbonate  in  the 
cathode  is  the  consequence  under  operating  condition  in  MCFCs.  This 
effect  limits  current  densities  which  could  be  applied  in  MCFCs  as  too 
high  accumulation  of  potassium  might  lead  to  crossing  the 
liquidus/solidus  line  with  the  consequence  of  potassium  carbonate 
precipitation.  Ionic  additives  (La203)  dissolved  in  the  carbonate 
electrolyte  experience  either  uneven  concentration  distribution  in  the  fuel 
cell  according  to  their  respective  internal  mobility  or,  according  to  their 
charge  and  solubility,  even  complete  transfer  and  deposition  into  only 
one  of  the  two  electrodes. 


Introduction 

Since  the  early  investigation  of  A.  Klemm  (1),  the  demixing  of  the  cations  of 
molten  binary  salt  mixtures  with  a  common  anion  due  to  the  different  mobilities  of  two 
different  cations  had  been  investigated  in  numerous  experiments  and  the  respective  results 
interpreted  in  terms  of  structural  features  of  the  melts;  see  for  instance  (2)  and  (3).  1-1 
electrolytes  had  been  preferentially  investigated,  but  apart  from  investigations  of  molten 
sulfates  Okade  also  reported  investigations  on  lithium  carbonate/potassium  carbonate 
mixtures  in  the  temperature  range  from  980  to  1070  K,  (4). 

Charge  and  mass  transfer  in  the  electrolyte  of  molten  carbonate  fuel  cells  is 
accomplished  by  the  movement  of  the  carbonate  anions,  which  are  generated  at  the  cathode 
and  decomposed  by  release  of  CO2  at  the  anode.  Against  the  steadily  moving  stream  of 
carbonate  anions  the  cations  are  migrating  -  but  according  to  their  different  mobilities  with 
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different  velocities.  Under  steady  state  conditions  the  relatively  faster  cation  would 
accumulate  in  the  catholyte.  Steady  state  conditions  are  defined  by  zero  velocities  of  the 
summed  convective,  migrative  and  diffusive  mass  transfer  -  see  the  schematic  of  Fig.  1 

Fig.  2  reports  results  in  terms  of  the  so-called  internal  mobilities  b  of  Li"^  and 
vs.  the  mole  fi-action  of  the  potassium  salt  in  binary  carbonate  mixtures  determined  at  980  K. 
At  xk  »  0,32  both  alkali  cations  possess  equal  mobilities  and  would  not  separate  on 
prolonged  electrolysis,  whereas  with  a  higher  potassium  concentration  potassium  would  be 
expected  to  accumulate  at  the  cathode  side  of  an  electrolysis  cell  and  with  a  lower  mole 
fraction  than  xk  =  0,32  the  same  would  be  expected  to  occur  for  lithium. 

Since  it  is  felt,  that  such  demixing  of  the  binary  electrolyte  in  MCFCs  might  have 
important  consequences  in  defining  limits  of  operation  conditions,  limiting  applicable  current 
densities  in  particular,  the  effect  had  been  investigated  in  experimental  fuel  cells.  The 
consequences  of  migrative  mass  transfer  had  been  investigated  also  with  respect  to  added 
lanthanum  oxide,  (5),  as  this  oxide  was  believed  to  influence  the  nickel  oxide  solubility  in  the 
cathode  but  could  only  act  there  if  it  would  remain  there. 


Experimental 

Experimental  MCFCs  were  20  mm  in  diameter  and  of  the  usual  tubular  design  as 
described  for  instance  in  review  (6).  Anodes,  cathodes  and  electrolyte  matrix  had  been 
prepared  and  assembled  according  the  green  foil  technology  and  the  cells  had  been  formed 
from  the  three  foil  package  in-situ  as  described  by  one  of  the  authors  and  his  coworkers 
elsewhere  (7).  As  an  example  such  cells  were  typically  composed  of  0,5  mm  thick  porous 
nickel  oxide  cathodes,  0,8  mm  thick  anodes  of  sintered  and  stabilized  carbonyl  nickel  and 
1  mm  thick  50  %  porous  and  a  densely  packed  LiA102  matrix  composed  of  LiA102  granules 
of  0,1  to  0,3  pm  0.  Fuel  cell  operation  was  performed  with  different  current  densities  for 
more  than  100  h,  the  cell  was  chilled  and  carefiilly  disassembled.  The  separated  anode, 
cathode  and  matrix  specimens  were  ground  and  covered  with  10  ml  of  water/  acetic  acid, 
(1/1)  and  the  carbonate  melts  dissolved  within  3  h.  The  aqueous  solutions  were  analyzed  by 
atomic  absorption  spectrometry  after  adequate  dilution.  For  transference  measurements  of 
lanthanum  oxide  to  the  cathode  foil  20  mole  %  lanthanum  oxide  (relative  to  the  nickel 
contents)  was  added  and  the  distribution  of  lanthanum  across  the  cell  had  been  monitored  by 
energy  dispersive  X-ray  fluorescence,  (EDX),  in  a  SEM  (JEOL  -  TSM  330A)  before  and 
after  cell  operation  of  500  h. 


RESULTS 


(a)  Li2C03/K2C03-electrolyte 

Table  1  collects  the  chemical  analyses  of  a  340  h  experiment  performed  at  650° 
C  with  a  steady  current  density  of  100  mA  cm'^. 
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Table  1  ^ 

Potassium  and  lithium  contents  of  MCFC  operated  for  340  h  at  100  mA  cm 


anode 

total  K/mg  21,2 

total  Li/mg  7,0 

thickness/mm  0,8 

It  is  evident  that  the  greatest  part  of  the  electrolyte  is  contained  in  the  matrix  (75 
to  80  %)  and  that  almost  equal  parts  of  the  remaining  electrolyte  are  contained  in  both 
electrodes.  The  ratio  m  (K)/m(Li)  is  almost  equal  in  the  matrix  and  the  anode  (~3)  but  it 
increases  to  4  in  the  cathode. 

Table  2  collects  the  analysis  of  three  experiments  -  two  performed  with 
100  mAcm'^  and  the  third  at  somewhat  enhanced  current  density  of  150  mA  cm  -  by 
converting  the  analytical  data  of  the  mean  concentrations  of  Li  and  K  in  the  melts  in  the 
three  different  cell  compartments  to  mole  %  of  lithium  carbonate.  Fig.  3  presents  a 
schematic  plot  of  the  respective  Li-mole  fractions  in  the  anode,  electrolyte  matrix  and 
cathode  respectively  for  the  same  three  experiments. 


matrix 

cathode 

175 

25 

58 

6,3 

1,1 

0,5 

Table  2 

Demixing  of  62/38  Li2/K2C03  electrolyte  in  MCFC 

mole  %  U2CO3 


Operating  time  /h 

c.d./mA  cm'^ 

anode 

matrix 

cathode 

340 

100 

64 

64 

58 

147 

100 

62 

61,5 

57 

160 

150 

57 

56 

42 

Evidently  anode  and  matrix  electrolyte  exhibit  almost  the  same  chemical 
composition  but  the  catholyte  is  seizeably  depleted  in  lithium.  This  ettect  becomes  much 
more  pronounced  at  higher  current  densities.  As  the  current  density  increases  by  a  factor  of 
1,5  the  concentration  difference. 


^  {cathode) 

increases  by  a  factor  of  almost  3,  indicating  that  the  current  density  of  a  MCFC  with 
Li2C03/K2C03  eutectic  melt  might  become  a  critical  operation  parameter. 


Li2C03/Na2C03  electrolyte 

Transference  experiments  had  also  been  performed  with  Li2C03/Na2C03- 
eutectic  (52/48  mole/mole)  as  this  electrolyte  is  estimated  to  be  a  promising  alternative  to 
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the  lithium/potassium  carbonate  eutectic.  Table  3  lists  the  analyses  of  the  cell  melts  in  the 
three  difterent  components  of  a  respective  lithium-sodium  carbonate  cell. 

Table  3 


Demixing  of  Li2C03/Na2C03  eutectic  in  MCFC 

mole  %  LbCOj 


Operating  time  /h 

c.d./mA  cm‘^ 

anode 

matrix 

cathode 

139 

100 

56 

51 

49 

69 

150 

56 

54 

53 

116 

150 

53 

(57) 

48 

Obviously  also  with  lithium/sodium  carbonate  melts  (52/48  mole/mole)  the 
accumulation  of  the  heavier  sodium  cation  is  observed  in  the  cathode.  Therefore  also  for  this 
binary  mixture  of  carbonates  the  Chemla  effect  is  prevalent.  But  the  effect  is  weaker  and  the 
concentration  gradient  seems  to  be  more  evenly  distributed  across  the  cell  than  with 
lithium/potassium  carbonate  melts. 

Transference  experiments  with  La203  as  cathode  additive 

20  mol  %  LaNi03  dispersed  as  crystallites  of  approx.  5  pm  diameter  had  been 
added  to  carbonyl-nickel  powder  (3  to  4  pm).  By  in-situ  reductive  sintering  which 
decomposes  LaNi03  to  metallic  nickel  and  La203  followed  by  atmospheric  oxidation  a  NiO- 
cathode  doted  with  La203  had  been  formed.  A  lithiated  nickel  oxide  cathode  was  formed 
therefrom  by  imbibing  the  electrode  with  Li2C03/K2C03  electrolyte  and  was  incorporated 
into  an  MCFC  with  Li/K-carbonate  electrolyte.  After  500  h  of  operation  at  650°  C  with  100 
mA  cm^  the  cell  was  cooled,  disassembled  and  embedded  into  a  polymer.  A  cut  of  the  cell, 
obtained  by  sawing  the  polymer  block  was  supplied  with  a  thin  gold  coating  by  sputtering 
and  different  parts  of  the  cell  were  examined  by  EDX  for  their  lanthanum  contents.  No 
lanthanum  could  be  detected  in  the  cathode.  Fig.  3  depicts  the  interface  between  the 
electrolyte  matrix  and  anode  and  shows  the  signal  intensity  attributed  to  La  at  4,5  eV. 
Obviously  there  is  no  lanthanum  present  in  the  electrolyte  matrix,  but  a  high  lanthanum 
concentration  can  be  detected  in  the  anode  close  to  the  interface  and  a  lower  but  definitely 
detectable  concentration  farther  away  from  the  interface. 


Discussion 

(a)  Transport  balances  of  binary  salt  mixtures 

As  shown  schematically  in  Fig.  1  the  faster  cation  accumulates  in  the  cathode 
and  correspondingly  the  slower  moving  cation  must  be  found  in  enhanced  concentration  in 
the  anode  and  matrix.  Under  steady  state  conditions  migrative,  convective  and  diffusive 
mass  transport  of  the  cation,  i,  are  adding  to  zero  in  any  virtual  plane  parallel  to  the  cell 
surface: 


®  flconv.  ftmig  ^  Hdiff 


[11 
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With  t,  equaling  the  so-called  internal  transfer  number  of  cation,  i,  and  Xj  equaling  the  mole 
fraction  of  the  salt  (Mi)2C03  in  the  binary  mixtures  one  obtains  for  the  three  transport  terms 

•  ^  2  •  _  n 

tlconv  ~  r-  ~ 

2  F  F  Oy 

and  calculates  the  steady  state  balance 

0  =  -Ux,-,,)-^-D,  (3] 

F 


calculating  the  volumetric  concentration  Ci  by  Ci  =  Xip/  M  with  p  equal  to  the  density  of  the 
melt  and  M  equal  to  the  mean  molar  weight  of  the  melt  of  one  arrives  at 


dy 


,  M  1 


[4] 


ti  as  the  internal  transfer  number  is,  defined  by  the  internal  mobilities,  bi  and  bj  of  the  two 
cations  and  by  the  mole  fractions,  Xi  and  xj  of  the  two  salts  in  the  binary  mixture: 


/  =- 


x^b^+Xjbj  x^{b,-bj)-¥bj 


[5] 


A  closed  solution  of  diff.  equ.  [4]  is  impossible,  as  the  bi,  bj  values  are  not 
constant  as  the  concentrations  of  the  molten  mixture  changes.  According  to  equ.  [4]  the  sign 
of  the  gradient  dx/dy  depends  on  the  sign  of  the  quantity  (Xi  -  ti)  and  its  magnitude  depends 
also  on  the  current  density,  i.  For  xk>  0,32,  as  is  demonstrated  in  Fig.  5,  the  quantity  (x  - 1) 
becomes  negative  for  potassium  and  hence  the  gradient  dxK/dy  becomes  positive,  i.e.  the 
concentration  of  potassium  increases  in  going  from  the  anode  to  the  cathode,  whereas  the 
concentration  of  lithium  decreases  correspondingly.  Since  the  eutectic  has  the  composition 
Xk  =  0,38  we  can  definitely  predict  the  accumulation  of  potassium  and  the  depletion  of 
lithium  in  the  cathode  as  it  is  observed  in  Fig.  3.  We  expect  also,  that  on  the  anode  side  of 
the  cell  a  limiting  potassium  concentration  will  be  attained  that  matches  the  concentration  of 
crossing  point  if  more  and  more  potassium  is  dragged  into  the  cathode  as  would  be  expected 
as  the  current  density  is  increased.  Eventually  at  the  anode  side  the  concentration  of 
potassium  would  become  lower  than  that  of  the  crossing  point  and  lithium  starts 
accumulating  in  the  anode.  This  prediction  is  obviously  fulfilled  at  1 50  mA  cm  The  mass 
balance  for  theexpeiment  with  150  mA  cm“  shows, that  the  total  lithium  content  of  the  cell  is 
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too  low.  This  is  likely  to  be  attributed  to  lithium  losses  for  instance  by  lithiation  of  nickel 
oxide  and  corrosion  reactions  producing  LiFe02. 

Internal  mobilities  of  the  cations  in  binary  lithium  carbonate/sodium  carbonate 
mixtures  have  not  yet  been  published.  Therefore  in  the  case  of  these  two  cations  only  some 
guesses  can  be  made  from  measurements  performed  in  binary  mixtures  of  lithium  and 
sodium  salts  with  common  anions  other  than  carbonate.  Okada  and  Lunden  investigated 
binary  mixtures  of  alkali  nitrates  [cited  in  (8)].  In  lithium  nitrate  potassium  nitrate  mixtures 
very  like  in  lithium  carbonate  potassium  carbonate  melts  a  crossing  point  is  observed, 
whereas  with  mixed  lithium  sodium  nitrate  melts  a  crossing  point  does  not  exist  and  the  ratio 
bNa+  /  bLi+  stays  almost  constant  (this  value  is  approximately  1,15  at  380°  C)  across  the 
whole  range  of  melt  composition  from  xy  close  to  zero  to  close  to  one.  As  the  anions  NOs' 
and  COs^'  are  similar  with  respect  to  their  geometry,  volume  and  polarizabilities,  one  would 
therefore  infer,  that  also  for  molten  Li/Na-carbonate  mixtures  a  crossing  point  would  not 
exist  but  the  Chemla  effect  (higher  mobility  of  the  heavier  cation)  would  be  operative  and 
that  the  value  (x;  -  ti)  is  positive  for  the  small  lithium  and  negative  for  the  somewhat  larger 
sodium  cation.  One  would  therefore  anticipate  that  sodium  like  potassium  accumulates  also 
in  the  cathode  of  an  MCFC  with  Li/Na  catbonate  as  electrolyte.  This,  indeed  is  actually 
observed. 

(b)  Transport  of  addititves 

Additives,  either  dissolved  or  deposited  as  little  soluble  small  particles  are  also 
influenced  by  electric  field  driven  transport  across  the  cell  as  solid  state  oxides,  which  are  the 
usual  oxides,  generate  ions  if  dissolved  in  the  melt.  An  example  is  the  "acidic"  dissolution  of 
nickel  oxide  in  carbonate  melts  according  to  equ.  [6] . 

NiO  +  CO2  ->  Ni^"  +C03"‘  [6] 

What  is  valid  for  the  ionic  majority  species  Li"  and  or  Na^  does  hold  also  for 
dissolved  species  of  minor  concentration.  The  criterion  for  their  concentration  distribution  in 

the  cell  is  still  equ.  [4]  in  a  modified  notation  in  which  mainly  the  factor  A//p  is  changed  in 
a  way  which  accounts  for  the  stochiometry  of  the  dissolution  reaction. 

Quantitatively  still  the  expression  (xi  -  ti)  is  maintained  for  cations  as  decisive.  If 
it  is  positive,  the  dissolved  species  tends  to  be  accumulated  at  the  cathode  and  vice  versa.  If, 
however,  the  enhanced  concentration  exceeds  the  solubility,  then  almost  complete  transfer 
from  one  side  of  the  cell  to  the  other  will  occur  -  as  it  was  observed  with  La203.  The  same 
result  is  affected  if  the  dissolved  lanthanum  species  is  anionic  and  not  cationic,  e.g. 
[La(C03)n]  Anions  move  anyway  towards  the  anode,  for  then  the  respective  term  in 
equ.  [5]  reads  -(xa„  +  tan)  and  La203  will  under  these  conditions  precipitate  in  the  anode, 
provided  initially  more  La203  had  been  deposited  than  can  be  dissolved  in  the  whole  cell 
electrolyte. 


Electrochemical  Society  Proceedings  Volume  96-7 


401 


Conclusions 

The  well  known  effect  of  demixing  of  binary  molten  carbonates  by  electrolysis 
leads  in  molten  carrbonate  fuel  cells,  due  to  the  Chemla  effect,  to  the  accumulation  of  the 
heavier  alkali  cation  (K^  or  Na^)  and  depletion  of  Li^  at  the  cathode. 

This  has  several  consequences: 

(a)  the  electrode  kinetics  of  oxygen  evolution  is  affected  as  the  solubility  of  oxygen  in  the 
melts  depends  on  the  lithium  content. 

(b)  The  effective  volatility  of  the  melt,  which  is  mainly  determined  by  the  mole  fraction  of 
the  more  volatile  sodium  and  potassium  carbonates  respectively  is  enhanced  to  some 
extent  according  to  their  increased  concentration  (9). 

(c)  Most  serious  is  the  possibility,  that  at  seizeably  increased  current  densities,  which  are 
desirable  because  of  the  still  insufficient  power  density  of  MCFCs.  The  concentration 
enhancement  of  potassium  cations  at  the  cathode  could  lead  to  such  enhanced 
concentrations  of  lithium  in  the  anode,  that  there  the  liquidus/solidus  curve  is  crossed 
and  lithium  carbonate  begins  to  precipitate  which  would  certainly  destroy  the  anode. 
Fig.  6  shows  the  melting  point  diagram,  which  explains  that  Li2C03  precipitation  in  the 
anode  is  much  more  likely  to  occur  than  K2CO3  precipitation  in  the  cathode.  In 
principle  this  can  be  avoided  only  if  the  whole  cell  electrolyte  is  kept  at  a  concentration 
very  close  to  that  of  the  crossing  point  of  the  internal  mobilities  of  two  alkali  cations. 

(d)  As  in  lithium/sodium  carbonate  melts  the  Chemla  effect  is  less  pronounced  than  in 
lithium/potassium  carbonate  melts,  there  exists  another  reason  -  additionally  to  the 
lower  voaltility  of  this  binary  electrolyte  -  to  use  Li/Na  carbonate  melts  instead  of 
Li/K  carbonate  melts  as  MCFC  electrolyte  in  the  future. 
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HIGH  TEMPERATURE  CORROSION  OF  TANTALUM 
WITH  THE  PRESENCE  OF  MOLTEN  CARBONATE 

Ken-ichiro  OTA,  Katsuya  TODA,  Toru  KOJIMA, 
Naobumi  MOTOHIRA  and  Nobuyuki  KAMIYA 
Department  of  Energy  Engineering,  Yokohama  National  University 
156  Tokiwadai,  Hodogaya-ku,  Yokohama  240,  JAPAN 


ABSTRACT 

The  high  temperature  corrosion  of  tantalum  with  the  presence  of 
molten  carbonate  has  been  studied  in  C0,-0,  atmosphere  from 
873  K  to  1123  K  by  measuring  the  weight  gain  of  a  specimen,  A 
severe  corrosion  of  tantalum  took  place  with  the  formation  of 
unprotective  Ta,Oj  at  high  temperature  and  the  corrosion 
reaction  obeyed  the  linear  rate  law.  The  corrosion  rate  greatly 
suppressed  with  the  presence  of  sufficient  molten  carbonate.  The 
corrosion  reactions  obeyed  the  parabolic  rate  law  if  a  specimen 
was  in  the  melt  or  coated  with  the  coating  amount  larger  than  3 
mg/cm'.  The  corrosion  rate  was  vei7  close  to  that  of  titanium 
and  much  smaller  than  those  of  nickel,  chromium  and  iron.  If 
the  coating  amount  was  less  than  3  mg/cm%  the  reaction  changed 
from  the  parabolic  rate  law  to  the  linear  rate  law  and  proceeded 
the  severe  corrosion.  In  order  to  form  a  protective  scale,  a 
certain  amount  of  molten  carbonate  was  necessaiy. 


INTRODUCTION 

Molten  salt  has  been  considered  for  the  media  of  energy  conversion  or  storage 
since  a  high  energy  efficiency  or  a  high  reactivity  can  be  obtained.  However,  the 
molten  salt  system  has  always  a  problem  of  a  materials  durability.  The  molten 
carbonate  fuel  cell  (MCFC)  has  the  advantage  that  a  wide  variety  of  fuels,  such  as 
hydrogen,  hydrocarbons,  carbon  monoxide,  as  well  as  their  mixtures  (coal  gas)  can 
be  used.  The  exhausted  heat  of  the  MCFC  is  more  valuable  than  that  of  the 
phosphoric  acid  fuel  cell  (PAFC),  since  the  operating  temperature  is  high.  The 
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MCFC  can  serve  as  a  cogeneration  system  effectively.  However,  the  durabilities  of 
the  components  of  the  MCFC  cause  problems  especially  at  the  long  time  operation''. 

Several  kinds  of  corrosion  of  the  metallic  material  in  the  MCFC  are  present. 
The  corrosion  of  anode  side  of  the  separator  has  report  to  be  very  severe  for  stainless 
steel.  However,  since  the  anode  side  is  reducing  atmosphere,  it  is  easy  to  improve  the 
stability  and  nickel  coating  on  stainless  steel  is  effective  to  protect  the  corrosion.  On 
the  other  hand,  the  corrosion  can  be  protected  by  the  formation  of  stable  oxide  scale 
at  cathode  side,  since  the  atmosphere  is  oxidizing  and  metal  oxide  is 
thermodynamically  stable.  In  another  words  the  corrosion  takes  place  principally 
and  the  corrosion  rate  is  reduced  by  the  formation  of  a  stable  oxide  scale. 

With  the  presence  of  molten  carbonate  the  stability  sometimes  decreases  since  the 
oxide  scale  dissolves  in  the  melt.  The  hot  corrosion  is  the  extraordinal  corrosion  that 
took  place  with  the  presence  of  thin  film  of  molten  salt  at  high  temperature  and  is 
usually  studied  with  Na,S04  Film'’.  The  hot  corrosion  associated  to  molten  carbonate 
has  also  reported  in  several  papers^  In  order  to  improve  the  material  stability  the 
corrosion  characteristics  of  more  variety  of  metal  specimens  should  be  studied  as  well 
as  the  elucidation  of  the  hot  corrosion  mechanism. 

Tantalum  is  known  for  a  oxidation  resistant  metal  at  room  temperature  similar 
to  titanium.  However,  the  stability  of  the  oxide  scale  decreases  at  high  temperature 
and  the  severe  corrosion  took  place  in  oxygen  or  in  air*''.  The  effect  of  molten 
carbonate  to  the  stability  of  tantalum  oxide  is  worth  for  studying.  In  this  study  the 
high  temperature  corrosion  of  tantalum  has  been  studied  with  the  presence  of  molten 
carbonate  in  oxygen  atmosphere. 


EXPERIMENTAL 

Tantalum  specimens  were  cut  into  rectangular  size  (1*6*12  mm  or  1*6*6  mm) 
from  99.95%  tantalum  sheet.  The  major  impurities  of  the  specimen  are  given  in 
Table  1.  The  specimens  were  polished  with  #240  -  #1500  SiC  abrasive  paper, 
followed  by  degreasing  with  a  neutral  detergent,  washing  with  ethanol,  dicing  and 
weighing  before  testing.  The  carbonate  was  a  mixture  of  alkaline  metal  carbonate 
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and  were  made  by  the  reagent  grade  chemicals  in  a  nitrogen  filled  dry  box.  The 
standard  composition  of  the  melt  was  (LiQ^2Kfl3g)2COj.  The  composition  of  the 
carbonate  melt  was  this  eutectic  melt  othenvise  notified. 

Three  kinds  of  corrosion  test  were  conducted  to  check  the  effect  of  carbonate 
melt;  corrosion  without  melt,  corrosion  with  the  carbonate  coating  and  corrosion  in 
the  carbonate  melt.  For  the  coating  test  the  carbonate  that  was  made  by  mixing 
alkaline  carbonate  and  melting  above  the  melting  point  was  dispersed  in  ethanol. 
The  carbonate  and  ethanol  mixture  was  dipped  onto  the  surface  of  a  tantalum 
specimen  and  dried.  The  amount  of  coating  was  determined  by  the  weight  change 
of  the  specimen  before  and  after  the  coating  process.  For  the  corrosion  test  in  the 
melt  a  tantalum  specimen  was  fully  immersed  in  the  melt.  The  ratio  of  melt/metal 
was  about  3  in  weight. 

The  treated  specimens  were  placed  in  a  gold-20%  palladium  alloy  cell.  Before 
starting  the  corrosion  test  the  cell  with  the  specimen  was  held  at  463  K  for  30  min 
in  order  to  remove  remaining  moisture.  The  weight  change  of  the  cell  with  the 
specimen  was  measured  and  monitored  continuously  by  TGA  (Shimadzu  DT-40). 
The  atmosphere  was  normally  a  67%C0j-33%0,  gas  mixture  at  atmospheric 
pressure.  In  order  to  examine  the  effect  of  the  gas  composition,  CO,  and  0,  gas 
pressure  was  changed  from  0.1  to  0.9  atm.  The  reaction  temperature  was  varied 
from  873  to  1123  K.  The  reaction  time  was  normally  60  h.  After  the  weight 
measurement,  the  specimens  were  analyzed  by  XRD. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  the  comparison  of  the  weight  gain  cui-ves  for  the  three  kinds  of 
the  corrosion  test;  dry  (corrosion  without  melt),  melt  coating  (corrosion  with  the  melt 
coating)  and  immersed  (corrosion  in  the  melt).  Tantalum  corroded  severely  at  high 
temperature  without  melt.  The  corrosion  reaction  obeyed  the  linear  rate  law  and  the 
corrosion  product  was  Ta.Oj.  A  1  mm  thick  tantalum  specimen  was  completely 
consumed  within  20  h  at  this  condition.  These  results  were  well  corresponded  to  the 
previous  papers*^ 
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The  corrosion  rate  was  suppressed  greatly  with  the  presence  of  molten  carbonate 
either  coated  or  immersed.  The  corrosion  reaction  obeyed  the  parabolic  rate  law  and 
lithiated  tantalum  oxide  was  formed  on  the  surface  of  the  corrosion  scale.  The  rate 
constant  was  close  to  those  of  titanium  and  stainless  steels.  The  corrosion  reaction 
was  suppressed  by  the  formation  of  lithiated  tantalum  oxide. 

Figure  2  shows  the  corrosion  curves  with  the  different  amount  of  carbonate  melt 
coating.  If  the  amount  of  carbonate  melt  on  a  specimen  was  larger  than  3  mg/cm', 
the  corrosion  rate  was  vei7  small  and  the  reaction  obeys  the  parabolic  rate  law. 
Figure  3  shows  the  dependence  of  the  parabolic  rate  constant  kp  on  the  amount  of 
coating  on  the  metal.  The  parabolic  rate  constant  decreased  linearly  with  the 
increase  of  coating  amount.  The  thickness  of  the  carbonate  melt  (amount  of  coating) 
affected  the  corrosion  reaction.  Since  the  reaction  obeyed  the  parabolic  rate  law,  in 
another  words  the  rate  determining  step  of  the  reaction  was  the  diffusion  of  the 
species  through  the  oxide  scale,  the  effect  could  not  be  explained  directly  by  the 
decrease  of  the  oxygen  potential  at  the  scale/melt  interface.  The  decrease  of  oxygen 
potential  would  affect  the  concentration  of  the  diffusion  species  in  the  scale. 

At  Fig.  2  the  corrosion  reaction  changes  from  the  parabolic  rate  law  to  the  linear 
rate  law  and  the  severe  corrosion  takes  place,  if  the  amount  of  melt  coating  is  less 
than  3  mg/cm^  The  linear  corrosion  proceeded  until  the  tantalum  metal  was 
completely  consumed  and  the  major  corrosion  product  was  Ta,05  at  this  stage.  The 
linear  rate  constant  was  independent  of  the  amount  of  coating  and  close  to  that 
without  melt.  At  this  stage  tantalum  is  no  more  stable.  The  transition  time  from  the 
parabolic  rate  law  to  the  linear  rate  law  depend  on  the  amount  of  coating.  When  the 
amount  of  coating  Is  larger,  the  transition  time  delayed. 

Figure  4  shows  the  dependence  of  (weight  gain),^,  the  weight  gain  that  was 
obtained  at  the  transition  time(parabolic  to  linear)  on  the  amount  of  coating. 
Clearly,  (weight  gain),^  is  proportional  to  the  amount  of  coating.  The  transition  is 
directly  due  to  the  amount  of  carbonate  melt  coating.  The  carbonate  melt  is 
necessai7  for  the  formation  of  lithiated  tantalum  oxide  that  can  suppress  the 
corrosion  reaction.  If  the  carbonate  is  not  enough  for  covering  all  the  surface  of  a 
specimen,  the  reaction  proceeds  similar  to  that  without  melt  after  the  melt  is 
consumed. 
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The  corrosion  reaction  depended  on  temperature.  Figure  5  shows  the  corrosion 
cui*ves  of  tantalum  with  the  carbonate  melt  coating  (30  mg/cm')  at  different 
temperatures.  The  corrosion  reaction  obeyed  the  parabolic  rate  law  below  1073  K 
and  the  reaction  rate  becomes  higher  at  higher  temperatures.  At  the  high 
temperature  of  1123  K  the  reaction  did  not  obeyed  the  parabolic  rate  law  any  more. 
The  accelerated  corrosion  takes  place  at  this  temperature.  The  major  corrosion 
product  was  Ta,Oj.  The  lithiated  tantalum  oxide  that  was  effective  to  protect  the 
corrosion  is  not  stable  at  this  temperature. 

The  dependence  of  the  corrosion  reaction  on  atmosphere  was  studied  with  30 
mg/cm*  melt  coating.  The  reaction  was  independent  of  the  oxygen  pressure  at  the 
pressure  range  from  0.1  to  0.9  atm.  Figure  6  shows  the  corrosion  curves  of  tantalum 
with  carbonate  coating  at  different  CO,  pressure.  The  corrosion  reaction  obey  the 
parabolic  rate  law  in  each  case  and  depends  on  the  CO,  pressure.  The  reaction  rate 
becomes  higher  at  higher  CO,  pressure.  Figure  7  shows  the  dependence  of  the 
parabolic  rate  constant  with  the  carbonate  melt  coating  on  CO,  pressure.  The  rate 
constant  increases  as  the  CO,  pressure  increases.  CO,  is  one  of  the  oxidant  in  this 
system.  However,  the  concentration  of  CO,  did  not  directly  affect  the  parabolic  rate 
constant,  since  the  parabolic  rate  constant  expresses  the  diffusivity  of  species  in  the 
oxide  scale.  CO,  affects  the  basicity  of  the  melt.  As  the  CO,  pressure  increases,  the 
carbonate  melt  becomes  acidic.  This  change  of  the  basicity  of  the  melt  or  the  CO, 
potential  might  affects  the  concentration  of  the  diffusion  species  in  the  oxide  scale. 

Figure  8  shows  the  dependence  of  the  corrosion  reaction  with  the  carbonate  melt 
coating  on  the  melt  composition.  The  corrosion  rate  decreases  if  the  melt 
composition  is  changed  from  Li/K=43/57  carbonate  melt  to  62/38  carbonate  melt. 
The  corrosion  rate  also  decreases  if  the  melt  is  changed  from  Li/K=62/38  to 
Li/Na=52/48  carbonate.  The  melt  becomes  more  basic  if  the  concentration  of  lithium 
increases  or  sodium  carbonate  is  used  instead  of  potassium  carbonated  In  these 
cases  the  CO,  potential  at  the  surface  of  the  scale  did  not  changed,  since  the  CO, 
potential  was  thermodynamically  determined  by  the  atmospheric  pressure.  The 
basicity  of  the  melt  would  affect  the  diffusion  process  in  the  oxide  scale.  If  the  melt 
becomes  basic,  the  rate  of  the  corrosion  reaction  decreases.  Further  study  is 
necessary  in  order  to  elucidate  the  diffusion  process  in  the  oxide  scale  that  is  the  key 
point  of  the  corrosion  reaction  of  tantalum  with  carbonate  melt  coating. 
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CONCLUSION 


The  high  temperature  corrosion  of  tantalum  has  been  studied  with  the  presence 
of  carbonate  melt.  The  corrosion  reaction  suppressed  remarkably  if  enough 
carbonate  exists  and  obeyed  the  parabolic  rate  law.  The  parabolic  rate  constant 
depended  on  CO,  pressure  and  the  melt  composition.  Figure  9  shows  the  comparison 
of  the  corrosion  curves  of  several  metals  with  the  carbonate  coating.  Tantalum  is 
relatively  stable  and  the  corrosion  rate  is  close  to  that  of  titanium.  However,  the 
severe  corrosion  took  place  if  the  carbonate  was  insufficient.  This  point  should  be 
counted  when  tantalum  were  used  at  high  temperature  with  the  presence  of 
carbonate  melt. 
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Table  1  Impurities  of  specimen  (wt.ppm) 
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Fig.l  Weight  gain  curves  for  the  corrosion  of 
Ta  with  dry,  coating  and  immersed. 


Electrochemical  Society  Proceedings  Volume  96-7 


412 


Weight  Gain  /  mgcm*: 


Time/h 

Fig.2  Weight  gain  curves  for  the  corrosion  of 
Ta  with  carbonate  melt  coating. 
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Fig.  3  Dependence  of  kp  on  the  amount  of 
carbonate  melt. 
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Fig.  4  Relationship  between  the  amount  of 
carbonate  melt  and  the  weight  gain  of  transition. 
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Fig.5  Weight  gain  curves  for  the  corrosion  of 
Ta  with  carbonate  melt  coating  (25mg/cm2). 
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Fig.  6  Effect  of  PCO2  for  the  weight  gain  curves  for 
the  corrosion  of  Ta  with  carbonate  melt  coating 
(25mg/cm2)  at  Pco2=:0.1atm. 


Fig.  7  Relationship  between  kp  and  PCO2  for 
the  corrosion  of  Ta  with  carbonate  melt  coating 
(25mg/cm2)  at  Po2=0.1atm. 
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Fig.  8  Weight  gain  curves  for  the  corrosion  of  Ta 
with  carbonate  melt  coating  (25mg/cm2). 
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Fig.9  Weight  gain  curves  for  the  corrosion  of 
metals  with  carbonate  melt  coating  (30mg/cm2). 
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HIGH  TEMPERATURE  CORROSION  OF  SEPARATOR  MATERIAL  IN 
Li2C03-Na2C03  AND  ELECTROLYTE  CONSUMPTION  FOR  MCFC 


Masahiro  Yanagida,  Kazumi  Tanimoto,  Toshikatsu  Kojima, 
Yukiko  Tamiya,  Takasi  Asai  and  Yoshinori  Miyazaki 


Fuel  Cell  Section 
Osaka  National  Research  Institute 
1-8-31  Midorigaoka,  Ikeda,  Osaka  563,  JAPAN 


Corrosion  tests  of  type  31  OS  stainless  steel  coated  with  5  mg/cm^  of 
Li/Na  carbonate  (52/48  mol%)  have  been  carried  out  at  873,  923,  973  K 
under  the  simulated  cathode  environment  {CO2/O2  =  2/1  (vol%))  of 
MCFC  in  out-of-cell  test  for  up  to  500  hours.  Corrosion  products  are 
almost  the  same  under  these  temperature  and  consist  of  two  layers  of 
LiFe02  as  the  outer  layer  and  LiCr02  as  the  inner  layer.  Only  Cr 
dissolved  from  the  specimen  into  the  melt.  Though  Na  content  in  the 
melt  was  independent  of  the  test  duration  and  the  temperature,  Li  content 
was  decreased  with  increasing  the  test  duration  and  increasing  the 
temperature.  On  the  other  hand,  dissolved  Cr  content  in  the  melt  was 
increased  with  increasing  the  test  duration  and  increasing  the  temperature. 
Up  to  500  hours,  amount  of  Cr  dissolution  follows  parabolic  rate  law. 


INTRODUCTION 


The  molten  carbonate  fuel  cell  (MCFC)  is  expected  to  be  a  high  efficiency  power 
generation  device  with  low  pollutant  emission.  Molten  carbonate  used  for  its  electrolyte 
separates  between  anode  and  cathode  gas  environment  and  provides  ionic  conductivity 
on  MCFC  operation.  However  there  are  some  problems  such  as  NiO  cathode 
degradation  and  corrosion  caused  by  its  electrolyte.  In  order  to  reduce  the  NiO 
dissolution  under  cathode  environment,  some  changes  of  electrolyte  have  been  employed, 
such  as  alkaline-earth  carbonate  addition  into  the  conventional  eutectic  carbonate 
mixture  (1),  using  other  carbonate  mixtures  (2).  Molten  carbonate  is  very  corrosive 
under  MCFC  operating  condition.  And  the  corrosion  behavior  of  its  component 
materials  accompanies  with  consumption  of  electrolyte.  Therefore,  management  of 
electrolyte  is  one  of  the  important  factors  of  the  limiting  lifetime  and  performance  of 
MCFC.  From  the  standpoint  of  the  inventory  of  the  electrolyte  in  MCFC,  we  have  to 
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consider  that  carbonate  electrolyte  not  only  distributes  to  both  electrodes  and  electrolyte 
supporting  material  (tile)  but  also  is  consumed  for  corrosion,  cathode  lithiation  and 
migration. 

In  this  paper,  we  describe  a  corrosion  behavior  of  type  31  OS  stainless  steel  as  a 
separator  material  and  consumption  of  electrolyte  using  the  another  promising  carbonate 
mixture,  (Lio,52Nao  48)2C03,  under  the  simulated  cathode  environment. 


EXPERIMENTAL 


A  sheet  of  commercially  available  type  31  OS  stainless  steel  (SUS3I0S),  of 
thickness  1  mm,  served  as  corrosion  specimen.  Its  chemical  composition  is  listed  in 
table  1.  The  sheet  was  cut  into  10  x  20  mm,  polished  with  wet  abrasive  paper  up  to 
1000  grit  washed  and  degreased  by  acetone,  rinsed  with  distilled  water  and  dried, 
Chemicarreagent  grade  Li;COj  and  NajCOj,  which  purity  was  >  99.0%  and  >  99.5“/^ 
respectively,  served  for  preparation  of  mixed  carbonate  after  drying  at  523  K  for  12 
hours.  The  mixed  carbonate  composed  by  Li2C03  :  Na2C03  =  52  ;  48  (mol%)  was  pre¬ 
melted  at  923  K  under  CO2  environment,  quenched  and  then  ground  finely.  Specimens 
were  coated  with  5  mg/cm^  the  carbonate  and  hung  through  pure  alumina  rod  in  alumina 
crucible  Corrosion  test  was  carried  out  under  the  simulated  cathode  environment  (CO2 . 
O2  =  2  :  1  (vo!%))  at  873,  923  and  973  K  in  out-of-cell  test.  After  test  duration  (25,  50, 
100,  200,  500  hours),  specimens  were  taken  out  of  the  electric  furnace  and  quenched.  In 
order  to  investigate  the  carbonate  consumption,  the  residual  carbonate  with  the 
specimens  after  the  test  was  dissolved  into  water  and  analyzed  by  inductively  coupled 
plasma  atomic  emission  spectroscopy  (ICP-AES).  Corrosion  products  were  identified  by 
X-ray  diffraction  (XRD)  and  observed  by  SEM  and  electron  probe  micro-analysis 

(EPMA). 


Table  1.  Chemical  composition  in  wt.%  of  SUS310S  tested. 

C  P  s  O  N  Si  Mn  Ni  Cr  Fe 

0.046  0.0012  0.0012  0.0019  0.0316  0.74  1.26  19.01  24.91  Bal.(54) 

RESULTS  AND  DISCUSSION 


Results  of  XRD  of  the  specimen  with  carbonate  after  the  test  showed  that  the 
carbonate  contained  Na2Cr04.  Results  of  XRD  of  specimens  removed  carbonate  after 
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test  showed  that  corrosion  products  on  the  SUS3 1  OS  consisted  of  LiFeOi  and  LiCr02. 
Except  for  corrosion  products  containing  Y-LiFe02  at  873  K  due  to  its  stability  at  the 
temperature  (3),  the  identified  corrosion  products  were  the  same  under  these  temperature 
and  duration.  No  corrosion  product  containing  Na  was  found  in  the  specimens  removed 
carbonate  after  test. 

The  surface  observation  of  the  specimens  removed  carbonate  after  test  by  SEM 
showed  that  the  grain  of  the  corrosion  products  which  had  facet  grew  with  the  test 
duration  and  the  temperature.  The  analysis  of  the  cross  section  of  the  specimens  by 
EPMA  showed  that  the  corrosion  products  mainly  consisted  two  layers  of  outer  Fe-rich 
oxide  layer  and  inner  Cr-rich  oxide  layer.  From  XRD  analysis  the  outer  and  inner  layer 
corresponded  to  LiFe02  and  LiCr02,  respectively.  Cr  depletion  layer  of  the  metal  was 
observed  inside  of  the  corrosion  products. 

Result  of  each  dissolved  element  ratio  at  923  K  using  ICP-AES  is  shown  in  Fig.  1. 
Cr  was  only  detected  in  all  the  melts  after  the  test  as  the  element  dissolved  from  the 
specimen.  Li,  Na  and  Cr  were  determined  as  main  elements  of  water  soluble  products 
from  tested  specimens.  Amount  of  Na  in  soluble  products  was  almost  independent  of 
the  test  duration  in  melt  at  873,  923  and  973  K.  Amount  of  Li  in  melt,  however  was 
decreased  with  increasing  the  test  duration  and  temperature.  Li  was  used  to  produce  the 
corrosion  products  on  the  metal  and  was  consumed  from  about  6  wt.%  at  873  K  to  more 
than  30  wt.%  at  973  K  after  500  hours,  On  the  other  hand,  amount  of  dissolved  Cr  in 
melt  was  increased  with  increasing  the  test  duration  and  temperature.  Up  to  500  hour 
duration,  it  is  shown  that  amount  of  Cr  dissolution  follows  parabolic  rate  law  in  Fig.  2  ; 


X  =  / 


[1] 


where  x  is  the  Cr  dissolution  weight  into  melt  (mg),  is  the  parabolic  rate 
constant  (mg/h*^^)  and  t  is  testing  duration  (h).  The  calculated  parabolic  rate  constants  of 
Cr  dissolution,  k^,  are  listed  in  table  2.  Fig.  2  shows  that  amount  of  dissolved  Cr  is 
increased  with  the  temperature  in  the  range  from  873  to  973  K. 


Table  2.  Calculated  parabolic  rate  constants  for  Cr  dissolution  of  SUS310S 
under  67%  CO2  +  33%  O2  with  5  mg/cm^  (Lio.52Nao.48)2C03  deposit. 


temperature  (K) 

parabolic  rate  constant,  ^d  (mg/h*^^) 

873 

0.07 

923 

0.16 

973 

0.17 
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Li  in  carbonate  melt  reacts  with  Fe  and  Cr  in  the  specimen  and  is  fixed  in 
corrosion  products  of  solid  phase.  On  the  other  hand,  Na  still  exists  in  carbonate  melt  of 
liquid  phase  due  to  high  solubility  of  Na2Cr04  in  Li/Na  carbonate.  The  physical 
properties  of  carbonate  caused  by  Cr  dissolution  into  the  melt  will  be  changed  with  the 
operating  time  of  MCFC.  Further,  the  change  of  proportion  of  Li/Na  due  to 
consumption  of  only  Li  will  also  change  the  expected  properties  of  the  electrolyte.  And 
it  is  thought  to  affect  the  cell  performance  and  its  life. 


CONCLUSIONS 


Corrosion  test  of  SUSS  1  OS  coated  with  5  mg/cm^  Li/Na  carbonate  have  been 
carried  out  at  873,  923  and  973  K  under  the  simulated  cathode  environment  (CO2/O2  = 
2/1  (vol%))  for  up  to  500  hours  in  out-of-cell  test.  Solid  corrosion  products  on  the 
specimens  consisted  of  two  layer  of  the  outer  LiFe02  layer  and  the  inner  LiCr02  layer. 
No  corrosion  product  containing  Na  was  found  in  the  solid  corrosion  products. 

Amount  of  Na  in  the  melt  was  almost  independent  of  both  the  test  duration  and 
the  temperature.  Amount  of  Li  in  the  melt  was  decreased  with  increasing  test  duration 
and  temperature.  Cr  only  detected  as  dissolved  element  from  the  specimen  into  the  melt. 
Amount  of  Cr  dissolution  in  the  melt  was  increased  with  increasing  the  test  duration  and 
temperature  and  followed  parabolic  rate  law. 
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Amount  of  Li,  Na  and  Cr  /mg  in  melt 


Amount  of  Cr  /mg  in  melt 


Fig.  2  Amount  of  Cr  dissolved  in  the  melt  dependence  of  the  test  duration  and  the 
temperature. 
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ELECTROCHEMICAL  RESPONSE  OF  STAINLESS  STEELS  310,  316L  AND 
NICKEL-RICH  ALLOY  IN  MOLTEN  CARBONATE 


M.  S,  Yazici  and  J.  R.  Selman 
Department  of  Chemical  and  Environmental  Engineering 
Illinois  Institute  of  Technology 
Chicago, IL  60616 

ABSTRACT 

The  corrosion  of  separator  plate/current  collector  materials  in  molten 
carbonate  fuel  cells  is  investigated.  Although  the  corrosion  resistance  of 
stainless  steel  Type  310  is  better  than  that  of  Type  316,  the  poorly  conducting 
surface  oxide  layer  on  Type  310  is  a  source  of  significant  ohmic  resistance  in 
long  term  operation,  where  not  only  corrosion  resistant  but  conductive  layer 
forming  materials  are  needed,  A  high-nickel  content  alloy  shows  better 
corrosion  resistance  than  300  series  stainless  steels.  Electrochemical 
measurements  show  significant  differences  in  corrosion  behavior  between 
completely  submerged  samples  and  samples  wetted  by  a  carbonate  film, 

INTRODUCTION 

Cathode  dissolution  leading  to  electrolyte-matrix  shorting  ,  and  the  corrosion  of 
current  collector  and  separator  plate  materials  are  the  main  life-limiting  factors  of  the 
state-of-the  art  MCFC^'’^’,  These  metallic  components  are  also  major  contributors  to  the 
total  system  cost.  Therefore,  it  is  necessary  to  minimize  hardware  corrosion  and  increase 
cell  life  to  reduce  capital  cost. 

It  is  well-known  that  in  the  corrosion  of  stainless  steel  by  molten  carbonate 
chromium  forms  a  protective  layer  or  surface  oxide  scale  which  causes  the  substrate  not 
to  be  further  oxidized.  The  chromium  content  of  the  alloy  determines  whether  it  forms 
an  interior  layer  or  an  external  scale.  Low  oxide  diffusivity  in  the  oxide  scale  can  cause 
chromium  to  diffuse  to  the  surface.  While  chromium  is  oxidized  to  form  Cr203  at  the 
metal/oxide  interface,  an  FeO  layer  also  forms  and  may  grow  at  higher  rates,  A 
quantitative  explanation  of  the  oxidation  behavior  of  alloy  systems  requires  dealing  with 
multi-component  diffusion.  In  addition,  the  separator  has  various  contact  areas  with  the 
carbonate  melt,  whose  different  surface  to  volume  ratios  lead  to  differences  in  character 
of  the  corrosion  process.  The  wet-seal  area  resembles  most  closely  the  fully  immersed 
condition.  On  the  other  hand,  the  areas  exposed  to  the  gas  channels  can  be  dry  or 
covered  with  a  thin  film  due  to  creeping  of  the  melt  from  the  porous  electrode  onto  the 
separator  or  current  collector. 
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Finally,  electrochemical  analysis  of  the  multi-component  corrosion  process  becomes 
difficult  when  different  materials  have  very  close  oxidation  or  reduction  potentials.  In 
some  cases,  it  is  not  possible  to  find  sufficient  thermodynamic  information  for  reactions 
to  calculate  the  required  electrode  potentials.  Therefore,  in  the  following  analysis  we  use 
a  combination  of  information  from  different  sources  such  as  surface  and  layer  analysis, 
as  well  as  thermodynamic  reference  works. 


EXPERIMENTAL  DETAIL 

A  series  of  experiments  were  carried  out  on  stainless  steel  Types  310  and  3I6L,  and 
a  nickel-rich  alloy,  in  a  specially  designed  controlled-atmosphere  chamber,  furnace  and 
cell^^l  A  62%  LijCOj-  38%  K2CO3  mixture  was  used  as  electrolyte  under  oxidant  gas  of 
30%  C02-70%  air  compositions.  The  nickel-rich  alloy  was  also  tested  in  52%  Li2C03- 
48%  Na2C03  electrolyte.  The  chemical  compositions  of  the  alloys  are  given  in  Table  1. 
The  test  cell  and  electrodes  are  shown  in  Figure  1.  In  this  half-cell  study,  two  electrodes 
are  compared  under  open  circuit  or  current  load.  Potential  is  measured  with  reference  to 
a  67%  O2-  33%  CO2  gas  mixture.  Three  different  configurations  may  be  used(Figure  2). 
The  first  has  the  working  electrode  fully  immersed  in  the  melt,  in  the  second  the  working 
electrode  is  partially  immersed  and  in  the  third,  the  electrode  is  mounted  on  the  surface 
of  an  alumina  tube  which  provides  a  very  thin  film  wetting  the  electrode  material. 
However,  electrochemical  analysis  of  the  corrosion  process  at  a  partially  immersed 
electrode  is  difficult  because  it  involves  too  many  unknown  parameters  such  as  meniscus 
structure  and  melt  thickness.  Therefore,  only  two(fully  immersed  and  thin-film  covered) 
configurations  are  examined.  These  electrodes(immersed  and  thin-film  covered)  are 
subjected  to  an  oxidizing  environment  at  the  same  time.  In  the  case  of  the  alumina- 
backed  electrode  configuration,  the  electrolyte  creeps  up  very  fast  on  the  alumina 
surface,  and  fills  the  crevice  at  the  back  of  the  electrode.  The  electrolyte  starts  to  slowly 
creep  up  to  form  a  thin  film  on  the  outer  surface  of  the  electrode.  A  meniscus  forms  at 
the  interface  metal-electrolyte-gas  atmosphere. 

Steady-state  polarization  and  cyclic  voltammetry  measurements  are  performed 
periodically  after  the  electrode  is  first  in  contact  with  the  melt.  The  experimental  set-up 
allows  optical  observation  and  camera  recording  ot  the  different  electrodes  to  determine 
the  effect  of  wetting  by  molten  carbonate  on  the  surface  reactions. 


Table  1.  Chemical  composition  in  wt%  of  alloys  used  in  the  study 


Alloy/Elements 

Fe% 

Ni% 

Cr%  Al% 

SS  316L 

69 

10 

18 

SS  310 

55 

20 

25 

NKK 

23 

45 

30  1 
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RESULTS  AND  DISCUSSION 
Open  Circuit  Potential  fOCP) 

The  open  circuit  potentials  of  stainless  steel  Types  310  and  316L  and  of  high-nickel 
alloy  under  COj  becomes  stable  around  -1000  mV.  The  stable  potential  under  CO2 
shows  roughly  50  mV  potential  difference  between  a  fully  immersed  and  a  mounted 
electrode.  Under  CO2,  these  surfaces  are  indeed  stable(i.e.,  no  surface  reaction  is 
observed).  Steady-state  potentials  of  both  immersed  and  thin-film  covered  electrodes 
under  CO2  are  given  in  Figure  3.  Table  2  shows  corrosion  currents  and  potentials 
derived  from  log  I-E  plots.  The  data  suggest  a  lower  corrosion  resistance  for  thin-film 
covered  electrodes  than  for  immersed  electrodes.  Stainless  steel  Type  316L  has  a  lower 
corrosion  resistance  than  Type  310.  High  nickel  alloy  has  the  lowest  corrosion  current 
among  these  materials. 

Table  2.  Corrosion  currents  from  steady-state  polarization  plots  under  CO2 


sample-(electrolyte) 

immersed  i  immersed 

thin-film  covered 

thin-film  covered 

Ecorr.  1  IcoRR.  hA. 

Ecorr>  niV 

IcORR)  M-A- 

SS310-(Li/K) 

-1023 

4.1 

-986 

29.6 

SS316-(Li/K) 

-1040 

23 

-981 

40 

NKK-(Li/K) 

-991 

3.5 

-878 

5.9 

NKK-(Li/Na) 

-1058 

1.2 

-970 

5.1 

When  an  O2/CO2  mixture  is  introduced  at  a  partially  immersed  electrode,  most 
surface  reaction  is  observed  on  the  top  portion  of  the  thin-film  covered  electrode. 

The  open  circuit  potential  of  a  thin-film  covered  electrode  under  oxidizing  gas 
mixture  evolves  toward  the  oxygen  reduction  potential  quickly,  i.e.,  within  2-3  hrs. 
Figures  4(a)  and  (b)  show  open  circuit  potential  decay  of  stainless  steel  Types  310  and 
316L.  If  the  electrode  is  wetted  by  a  thin  film  of  carbonate,  it  easily  forms  a  surface 
oxide(i.e.FeO  and  Cr203).  An  immersed  electrode  forms  LiCr02  under  a  surface  oxide 
layer.  This  inner  LiCr02  layer  cannot  prevent  iron  from  diffusing  out  through  the  outer 
surface  oxide  scale.  Therefore,  the  OCP  of  the  immersed  electrode  cannot  reach  oxygen 
equilibrium  potential. 

As  the  OCP  of  a  film-wetted  electrode  evolves,  electrolyte  intensively  moves  around 
the  wetted  electrode.  The  forces  that  drive  this  movement  are  generated  at  the  melt/oxide 
■  interface,  but  also  appear  to  accelerate  corrosion  at  the  oxide/metal  interface.  If  the  thin 
film  on  the  electrode  is  rich  in  lithium,  this  may  affect  long-term  corrosion  behavior 
because  of  the  more  basic  character  of  the  film.  Due  to  the  low  oxygen  solubility  in  the 
electrolyte  layer  and  the  smaller  solid-state  diffusivities  in  the  alloy,  oxygen  diffusion 
from  the  gas-electrolyte-oxide  interface  to  the  metal-oxide  interface  is  slow  compared 
with  iron  diffusion  from  the  bulk  metal  to  the  metal-oxide  interface.  Thus,  the 
characteristics  of  the  surface  oxide  layer  play  an  important  role.  These  considerations 
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also  hold  for  the  open  circuit  potential  response  of  high-nickel  alloys.  Figures  4(c)  and 
(d)  show  the  potential-time  behavior  in  Li/K  and  Li/Na  electrolytes,  respectively. 
Although,  the  potential  change  of  thin-film  covered  electrodes  are  similar,  immersed 
alloy  samples  show  a  response  similar  to  pure  nickel^'*^  The  response  of  thin-tilm  wetted 
electrode  upon  changing  oxidizing  gas  to  CO2  is  not  explained  yet. 

Cyclic  voltammetry 

When  the  potential  is  swept  repeatedly,  the  polarization  response  of  the  thin-film 
wetted  electrode(FE)  is  a  current  increase  without  peaks.  The  overall  response  of  an 
immersed  electrode(IE)  under  CO2  gas  and  under  oxidizing  atmosphere(see  Figure  5) 
does  show  distinct  peaks.  The  potential  window  between  0  and  -1600  mV  contains 
several  oxidation  and  reduction  peaks.  Thermodynamic  potentials  calculated  with 
reference  to  the  oxygen  reduction  potential  under  67%  O2-  33%  CO2  gas  are  given  in 
Table  3.  In  the  following  discussion,  expressions  in  parenthesis  will  refer  to  the 
electrochemical  reactions  in  this  table. 

The  most  negative  equilibrium  potential  of  the  elements  forming  the  alloy  is  that  of 
chromium,  at  approximately  -1500  mV.  Therefore,  the  first  anodic  oxidation  peak  when 
sweeping  anodically  from  -1400  mV(foliowing  a  previous  cathodic  sweep)  is  apparently 
due  to  carbon  which  may  result  from  carbonate  decomposition  at  such  negative 
potentials,  and  Cr203  formation  at  much  more  positive  potentials  than  the  metal 
equilibrium  potential(Cl).  LiCr02  can  also  form  from  chromium  at  the  same  potential  as 
Cr203  formation(C2).  Next,  iron,  starts  to  be  oxidized  at  a  more  positive  potential  than 
the  stable  thermodynamic  potentiai(Fl).  Starting  from  oxidation  of  iron  metal,  current 
continuously  increases  by  giving  peaks.  In  the  potential  range  of  -900  mV,  several 
reactions  may  take  place  simultaneously  according  to  Table  3.  Metallic  iron  can  react  to 
form  lithiated  iron  oxide(F2)  at  -953  mV.  Around  the  same  potential,  FeO  is  further 
oxidized  to  Fe304(F3).  Since  formation  of  Fe203  from  Fe304  occurs  at  -550  mV,  LiFeOj 
can  only  be  formed  from  Fe  or  FeO.  Nickel  oxidation  starts  to  occur  around  -800 
mV(NI).  Participation  of  nickel  in  the  surface  layer  reaction  depends  on  the  amount  of 
chromium.  The  potential  necessary  to  cause  lithiation  of  FeO  to  LiFeOj  is  approximately 
-700  mV(F4).  Since  the  very  negative  scan  starting  potential  causes  formation  of 
LiCr02.  This  can  be  oxidized  to  Li2Cr04,  which  occurs  at  around  -500  mV(C3).  This 

peak  is  also  contributed  by  lithiation  of  NiO[4]. 

Formation  of  Cr203  or  LiCr02  surface  layers  is  a  very  imponant  step  in  building  the 
-corrosion  protection  characteristic  of  Fe-Cr-Ni  alloys.  Lithium  chromite  is  probably  less 
protective  and  does  not  prevent  further  internal  oxidation.  Cr203  is  preferable  to  protect 
the  alloy  from  further  being  oxidized.  Following  the  main  peak  at  -500  mV,  the  current 
decreases  until  dissolution  of  chromium  into  the  melt  as  Cr04  takes  place(C4).  This 
process  occurs  with  a  lot  of  bubble  formation  and  color  change  of  the  melt.  The  location 
of  this  peak  is  the  same  for  Types  3 10  &  316L. 
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An  anodic  potential  scan  causes  gas  evolution  from  the  surface  only  at  potentials 
more  positive  than  -600  mV.  It  is  very  likely  that  the  anodic  current  peak  above  -600 
mV  is  caused  by  an  electrode  process  which  causes  CO2  generation,  for  example(C3)  or 
(C4). 


Table  3.  Equilibrium  potentials  calculated  from  thermodynamic  data 
•  (0)  =^1/203  +  CO  j+2e’-»CO^' 


-0.1  - 
-0.2  - 
-0.3  *- 

i  -0-4  - 

■•i  -0.5  - 

cS  -0.6  - 

I  -0.7  . 

X) 

I  -0.8  • 

o'  _ 

w  -0.9  ? 

t 

-1  ._ 


-1.2  - 


(C4)  LiCrO,  +  2CO3'  ^  Li"  +  CrO'‘  +  2CO,  +  3e' 


(C3)  =>  LiCrO.  +  Li"  +  2CO^'  ^  Li^CrO,  +  2CO^  +  3e' 


(F5)  =>  FeO  +  Li"  +  CO3  — >  LiFeOj  +  CO,  +  e 
{F4)  =>  2Fe30,  +  CO^'  3Fe,03  +  CO3  +2e- 
(NO^Ni+CO,’  ->  NiO -f-C'Oj +2e 
(Co)  =>  Co  +  CO3'  — >  CoO -t-COj  +  2e 
(F3)  r:>  3FeO  +  CO^'  ->  Fe30,  +  CO3  +  2e- 
(F2)  =>  Fe  +  Li"  +  2003'  LiFeOj  +  2CO2  +  3e- 

(Fl)=>  Fe  +  CO^-  ->  FeO  +  CO,  +26' 

(Cl)  =>  2Cr  +  3CO^'  ->  Cr,03  +  3CO,  -h 6e' 

(C2)  =>  Cr  +  Li"  +  2CO3”  -»  LiCrOj  +  2CO,  +  3e 
.(C)^C0^'+4e'->C+30^’ 


The  reverse  cathodic  scan  starts  from  0  mV  with  carbonate  formation(O)  and 
possibly  with  chromate  reduction  if  it  is  not  removed  from  the  surface.  The  alloys  we 
are  dealing  with  here  consist  of  three  different  elements:  nickel,  chromium  and  iron, 
therefore,  sometimes  peaks  related  to  the  oxidation  or  reduction  of  two  different  elements 
may  overlap  with  each  other  if  their  potentials  are  close.  Also,  a  high  valence  oxide  of 
iron  may  become  a  lower  valence  oxide  at  a  potential  anywhere  between  -600  to  -1200 
mV.  Between  peak(F3)  and  that  assigned  to  LiFe02(F2),  the  current  is  very  flat  over  a 
range  of  approximately  400  mV.  This  may  be  caused  by  structural  changes  in  the  lattice. 
Removal  of  lithium  or  iron(if  any  higher  valence  oxide  such  as  LiFcsOs  is  formed)  from 
the  lattice  structure  reduces  the  magnitude  of  the  current  and  keeps  it  constant  until 
further  reduction  occurs.  If  the  degree  of  delithiation  does  not  exceed  a  certain  level, 
nothing  happens  until  the  potential  approaches  -1 100  to  -1200  mV.  The  more  clearly 
defined  peak(Fl)  around  -1 100  mV  is  considered  to  be  reduction  of  FeO  and  LiFe02  to 
metallic  iron.  At  the  end  of  the  cathodic  scan,  a  current  increase  is  caused  by  metallic 
chromium  formation  and  cathodic  carbonate  decomposition. 
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Optimal  resolution  of  the  peaks  corresponding  to  various  electrochemical  reactions 
on  Type  3 16L  is  obtained  only  at  very  slow  scan  rates  opposite  to  type  310.  As  Figures  5 
and  6  show,  differences  may  be  due  to  lower  percentages  of  chromium  and  nickel  in 
Type  316L. 

High  nickel  alloys  show  fewer  but  more  distinct  peaks  compared  to  stainless  steels. 
These  peaks  are  mainly  Ni  dominated.  The  current  levels  are  also  lower  compared  to 
stainless  stee!s(Figure  7). 

Surface-laver  analysis 

The  possible  layer  products  of  Types  310  and  316L  stainless  steel  have  been  determined 
by  Yokokawa^^^  from  thermodynamic  data.  They  depend  on  log  Pco2.  log(acyaFe)  and 
log  Po2-  Yokokawa  suggests  a  layer  sequence  of  Cr/Cr203/LiCr02/LiFe50g/K2Cr04  for 
Type  3 10  and  Fe,Cr/Cr2b3/FeCr204/Fe304/Fe203/LiFe508/LiFe02,  for  Type  3 16L. 

The  corrosion  layers  found  by  cross-sectional  analysis  of  Type  310  may  be 
compared  for  the  effect  of  carbonate  contact  on  the  formation  of  corrosion  products.  In 
the  case  where  the  electrode  is  fully  immersed  in  the  carbonate  mixture,  the  most  inner 
layer  is  mainly  chromium  oxidefpositions  D  &  H  in  Figure  8(a)).  These  areas  are 
depleted  in  Fe  and  Ni.  Chromium  content  gradually  decreases  from  bulk  metal  to  the 
metal/electrolyte  interface.  Since  Fe  diffuses  to  this  interface  to  form  a  thick  oxide 
surface  layer,  the  layers  below  the  surface  are  richer  in  Cr. 

The  thin-film  wetted  electrode  forms  a  compact  and  thin  layer  of  oxides.  The  layer 
thickness  at  the  inner  side  close  to  the  bulk  melt(ceramic  facing  bottom  part)  is  thicker 
than  at  the  top  which  is  only  slightly  wetted  by  carbonate(Figure  8(b)).  Thin-film  side 
which  has  had  less  contact  with  carbonate,  shows  spreading  of  chromium  oxide  at  the 
metal/oxide  interface.  As  electrolyte  wetting  becomes  less  and  less  toward  the  top  of  the 
electrode,  this  behavior  is  observed  at  both  sides  of  the  electrode. 

Layers  formed  with  a  thin-film  wetted  configuration  show  concentration  differences  at 
the  top  and  the  bottom  of  the  electrode,  at  the  gas-facing  as  well  as  ceramic-facing  side. 
At  the  bottom,  the  most  outer  layers  are  continuous  and  Cr  and  Fe  rich.  Below  this,  a 
region  rich  in  Fe  and  Ni  occurs.  Between  this  layer  and  the  metal/oxide  interface, 
spreading  of  chromium  oxide  is  observed.  At  the  top,  fewer  layers  can  be  distinguished 
by  microprobe  analysis.  In  both  gas  and  ceramic-facing  sides,  the  layer  just  below  the 
surface  is  very  rich  in  Cr.  At  the  top  of  the  sample,  the  overall  thickness  of  the  oxide 
layer  becomes  less.  The  more  stronger  wetted  side(ceramic-facing)  has  a  ~  10%  thicker 
oxide  layer  than  the  gas  facing  side.  The  thickness  are  given  in  Table  4. 

Figures  9(a),  (b),  (c)  and  (d)  show  map  analyses  of  oxide  layers  on  thin-film  wetted 
electrodes  at  the  ceramic-facing  side.  An  approximately  8  |.i  thick  iron  rich  surface  layer 
is  observed(b).  The  region  below  that  is  about  6  p  thick  and  rich  in  chromium(d).  The 
thickness  of  the  most  Interior  Cr203  layer  is  ~  5  p  and  consists  mostly  of  Fe  and  Ni 
oxides.  Open  areas  around  the  dark  regions(a)  are  iron  and  nickel.  Concentration 
profiles  for  immersed  and  thin-film  covered  electrodes  are  given  in  Figures  10(a),  (b). 
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Table  4.  Thickness  of  oxide  layers 


condition 

thickness,  pm 

thickness,  pm 

thickness,  pm 

top 

middle 

bottom 

outer  inner 

outer 

inner 

outer 

inner 

Thin-film  wetted 

13  15 

14 

18 

19 

22 

Thin-film  wetted 

spreading  oxide 

spreading  oxide 

spreading  oxide 

Immersed 

31 

25 

Overall,  immersed  samples  have  much  thicker  oxide  layers  than  thin-film  wetted 
ones.  In  the  thin-film  wetted  electrode  configuration,  layer  thickness  decreases  from 
bottom  to  top  as  the  thickness  of  the  carbonate  film  decreases. 

CONCLUSION 

(1) .  The  significant  differences  observed  in  this  study  between  immersed  and  film- 
wetted  electrodes,  summarized  in  (3)  and  (4)  below,  suggest  that  half-cell  studies  have  to 
mimic  actual  cell  conditions  to  yield  results  that  are  useful  for  the  improvement  of 
materials  and  long-term  performance  of  the  MCFC.  However,  alloy  composition  is  the 
primary  factor  concerning  corrosion  resistance. 

(2) .  The  OCP  as  well  as  CV  characteristics  are  affected  by  the  nickel  and  chromium 
content  of  ternary  alloys: 

(a)  The  observed  OCP  decay  of  alloys  suggests  that  the  higher  the  chromium  and 
nickel  content,  the  faster  a  protective  layer  forms.  Type  310  stainless  steel  contains 
more  chromium  and  nickel  than  Type  316L.  This  helps  the  formation  of  a  more 
protective,  continuous  sub-scale.  In  Type  316L,  iron  may  diffuse  outward  and  break 
the  thin  Cr203  protective  scale.  Thereby,  lithium  may  more  easily  diffuse  into  the  alloy 
and  Fe  or  Cr  cations  may  diffuse  toward  the  oxide/electrolyte  interface,  facilitating 
corrosion. 

(b)  Since  the  alloys  consist  of  three  or  four  different  elements,  CV  peaks  related  to  the 
oxidation  or  reduction  of  one  element  may  overlap  with  oxides  of  the  other  two 
elements.  This  makes  interpretation  of  CV’s  much  more  difficult  than  in  pure-metal 
corrosion.  Nevertheless,  in  combination  with  OCP  and  surface  layer  analysis,  CV  s 
can  give  insight  in  the  sequence  of  corrosion  processes. 

(3) .  A  compact(thin)  and  dual-structured  oxide  layer  is  required  for  good  corrosion 
protection  by  any  candidate  material,  and  this  is  affected  by  the  degree  of  wetting: 

(a)  The  film-wetted  alloy  forms  a  much  more  compact  layer,  due  to  the  passive  surface 
oxide  layer  formed  under  high  oxygen  activity,  than  the  same  alloy  immersed  in  a  deep 
layer  of  carbonate.  The  corrosion  layer  thickness  close  to  the  bulk  melt  is  thicker  than 
at  the  top  of  the  sample  where  it  is  only  slightly  wetted. 

(b)  One  other  distinction  is  that  a  surface  contacting  a  thin  carbonate  film  forms  a 
spreading  Cr^O^  layer  while  a  deeply  immersed  surface  forms  a  continuous  inner  layer 
of  Cr^O.^  much  more  slowly  and  less  reliably. 
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(4) .  The  corrosion  protection  provided  by  the  him  wetted  electrode  is  related  to 

convection  at  the  melt/oxide  interface(via  the  meniscus)  and  to  gas  access{via  the  film): 

(a)  When  Types  3  10  and  3  16L  are  wetted  by  a  thin  film  of  carbonate,  the  potentials  ot 
both  allovs  approach  the  oxygen  reduction  potential  within  a  few  hours.  This  is 
explainable  by  easy  access  of  oxygen  to  the  metal/electrolyte  interface.  A  protective 
scale  forms  before  lithium  ions  penetrate  and  can  and  take  part  in  the  corrosion  process. 
When  electrodes  are  fully  immersed,  the  diffusion  of  lithium  into,  and  cations{Fe.  Ni 
and  Cr  ions)  out  of  the  alloy,  overtakes  the  oxide  layer  formation  process.  Alloy  inter¬ 
diffusion  coefficients,  therefore,  are  an  important  consideration  in  comparing  and 
understanding  the  corrosion  behavior  or  stainless  steels  and  alloys. 

(b)  The  lithium  content  of  the  electrolyte  film  appears  to  determine  the  corrosion  rate 
by  making  the  electrolyte  film  more  basic.  If  porous  oxide  layers  are  filled  with 
carbonates,  it  causes  internal  lithiation  ol  oxide  products.  This  process  lowers  the 
lithium  concentration  and  increases  potassium  concentration.  However,  when  the 
surface  layer  is  stable  and  inner  layers  form  a  spinel,  then  these  stable  oxides  do  not 
allow  lithium  to  diffuse  into  the  inner  structure.  In  this  case,  a  gradual  lithium  gradient 
is  established  to  a  certain  thickness.  Beyond  that  critical  thickness,  oxides  are  not 
lithiated. 

(5) .  These  results  suggest  that  pre-oxidation  can  be  a  solution  to  obtain  a  compact  oxide 
layer.  Adding  A1  to  alloy  leads  to  a  very  stable  oxide  layer,  but  increases  its  resistivity. 
Alloy  behavior  under  continuously  polarized  conditions  has  to  be  investigated  for  more 
realistic  corrosion  predictions. 
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Figure  1.  Detail  of  cell  and  electrode  configuration  showing  immersed  and  thin-film 
covered  electrodes 


IV 


(a) 


(b) 


Electrolyte 


Figure  2.  (a)  Schematics  of  possible  electrode  configurations  in  the  electrolyte:  (1)  fully 
immersed,  (2)  partially  immersed  and  (3)  thin-film  wetted,  (b)  detail  of  partially 
immersed  electrode  configuration 
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Figure  3.  Steady-state  polarization  curves  on  (a)immersed  and  (b)  thin-electrolyte-film 
covered  electrodes.  NKKI-K  stands  for  (I)mmersed  NKK  alloy  in  Li-(K) 
carbonate,  and  NKKF-Na  stands  for  (F)ilin-covered  electrode  in  Li-(Na) 
carbonate  electrolyte 
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Figure  4.  OCP  response  of  stainless  steel  (a)  3 10,  (b)  3 16L  in  Li-K  electrolyte  and  high 
nickel  alloy  in  (c)Li-K  and  (d)  Li-Na  electrolytes.  Solid  line:  wetted  electrode, 
dashed  line;  immersed  electrode 
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current  /  A 


Figure  5.  Polarization  response  of  an  immersed  stainless  steel  Type  310  under  15%  O2- 
30%  COjCsolid  line)  and  100%  C02(dashed  line)  at  100  mV/s  scan  rate 


potential  /  V  (vs  67/33%  CO2/O2/AU) 


Figure  6.  Polarization  response  of  immersed  stainless  steel  Type  316  under  1 5%  O2- 
30%  C02(solid  line)  and  100%  C02(dashed  line)  at  1  mV/s  scan  rate 
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NKK  in  Li-K  Carbonate 


potential  /  V  (vs  (niZl)%  CO2/O2/AU) 
(3)  NKK  in  Li-Na  Carbonate 


Figure  7.  Polarization  response  of  immersed  high-nickel  alloy  under  15%  02-30%  CO2 
(solid  line)  and  100%  C02(dashed  line)  at  100  mV/s  scan  rate  in  (a)  Li-K,  (b)  Li- 
Na  carbonate 


Electrochemical  Society  Proceedings  Volume  96-7 


435 


TIT: 


Figure  9.  Map  analysis  on  the  (a)  cross-section  of  thin-film  covered  Type  3 10  for  (b)  Fe, 
(c)  Ni  and  (d)  Cr 
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Figure  10.  Concentration  profiles  at  the  cross-section  of  (a)immersed  and  (b)thin-film 
covered  Type  310  stainless  steel 
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THERMOCHEMISTRY,  PHYSICO-CHEMICAL 
PROPERTIES  AND  MODELING  OF  THE  LIQUID 
MX-LnX3  MIXTURES  (M  =  alkali,  Ln  =  rare-earth,  X  =  halide) 


M.  Gaune-Escard 

lUSTI,  UMR  139  CNRS 
Universite  de  Provence,  Centre  de  St  Jerome 
13397  Marseille  Cedex  20,  FRANCE 

ABSTRACT 

Complementary  techniques  have  been  used  to  characterize  the  LnX3 
lanthanide  chlorides  (Ln  =  La,  Ce,  Pr,  Nd,  Gd,  Dy,  Er,  Tm),  their  mixtures 
and  compounds  with  the  MX  alkali  chlorides  (M  =  Li,  Na,  K,  Rb,  Cs). 

Enthalpies  of  mixing  were  determined  by  direct  high  temperature 
calorimetry. 

Enthalpies  of  formation  or  of  phase  transition  were  reported. 

Heat  capacities  were  determined  by  Differential  Scanning  Calorimetry. 

Electrical  conductivity  and  molar  volume  measurements  were  also 
performed. 

The  short  range  structure  of  molten  ErC13  was  studied  by  X-ray  diffraction  ; 
possible  anionic  pairs  are  discussed  in  terms  of  interatomic  distances  and 
bond  angles. 

A  thermodynamic  modelling  of  the  experimental  enthalpies  of  mixing  was 
proposed. 

The  mixing  enthalpy  of  the  molten  NaCl-DyC13  system,  measured  by  direct 
calorimetry,  was  examined  by  molecular  dynamics  (MD)  simulation  and  the 

stabilization  of  the  Dy^"*"  ion  in  this  system  was  interpreted  in  terms  of 
complexes. 

INTRODUCTION 

During  the  last  few  years,  we  have  investigated  the  thermodynamic  and 
physicochemical  properties  of  a  number  of  compounds  and  systems  formed  by  the 
lanthanide  halides  with  alkali  halides,  namely  : 

LnCl3  lanthanide  chlorides,  where  Ln  =  La,  Ce,  Pr,  Nd,  Gd,  Dy,  Er,  Tm  (1), 

MCl-LnCl3  liquid  mixtures,  where  M  =  Li,  Na,  K,  Rb,  Cs  and  Ln  =  Pr,  Nd,  Dy 
(2,  3,  4,  5), 
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Table  1  :  Summary  of  properties,  melts  and  compounds  investigated. 


AHu-/AHfus 

Cp 

K 

structure 

1 

LaCl3 

LaCl3 

LaCl3 

1 

K2LaCl5 

1 

M3LaCl5 

M  =  K,  Rb,  Cs 

MsLaCl^ 

M  =  K,  Rb,  Cs 

Cs3LaCl5 

CeCl3 

CeCl3 

CeCl3 

M3CeCl5 

M  =  K,  Rb,  Cs 

M3CeCl5 

M  =  K,  Rb,  Cs 

PrCl3 

PrCls 

PrCl3 

_ 

PrClg-MCl 

M=Na,  K,  Rb, 
Cs 

M3PrCl5 

M  =  K,  Rb,  Cs 

M3PrCl5 

M  =  K,  Rb,  Cs 

PrCl3-CaCl2 

NdCi3 

NdCl3 

NdCl3 

■ 

NdCl3-MCl 
M=Na,  K,  Rb, 
Cs 

M3NdCl6 

M  =  K,  Rb,  Cs 

M3NdCl6 

M  =  K,  Rb,  Cs 

1 

NdCl3-CaCl2 

1 

GdCl3 

GdCl3 

1 

1 

DyCl3 

DyCl3 

ErCl3 

ErCl3 

ErCls 

_ 

EiCl3-NaCl 

ErCl3-NaCl 

ErCl3-KCl 

ErCl3-KCl 

TmCl3 

DyCl3-NaCl 

DyCl3-NaCl 

DyCl3-KCl 

DyCl3-PrCl3 

LaBr3-MCl 

M  =Li,Na,  K, 
Rb,  Cs 

NdBr3-MCl 

M  =Li,Na,  K, 
Rb,  Cs 

M3NdBr5 

M  =  K,  Rb,  Cs 
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liquid  CaCl2-PrCl3,  CaCl2-NdCl3  (6)  and  DyCl3-PrCl3  (4)  mixtures, 

M3LnCl5  compounds,  where  M  =  K,  Rb,  Cs  and  Ln  =  La,  Ce,  Pr,  Nd  (6). 

Table  1  summarizes  the  systems  and  compounds  investigated  and  indicates  the  techniques 
employed. 

The  congruently  melting  M3LnCl5  compounds  exist  in  all  the  MCl-LnCl3  systems 
(where  Ln  =  La,  Ce,  Pr,  Nd  and  M  =  K,  Rb,  Cs)  with  the  only  exception  of  the  KCl- 
LaCl3  system  (7,  8,  9,  10).  It  was  found  frome.m.f.  measurements  that  potassium  and 

rubidium  compounds  are  stable  only  at  higher  temperatures  and  they  are  metastable  at 
ambient  temperature  (11,  12).  These  compounds  are  formed  according  to  the  reaction  : 

MCI  +  M2LnCl5  =  M3LnCl5  [  1  ] 

Caesium  compounds  are  stable  at  ambient  temperature  and  undergo  phase  transition 
during  heating. 

Enthalpy  of  mixing 

Enthalpies  of  mixing  were  determined  by  direct  high  temperature  calorimetry. 

Several  families  of  MX-LnX3  mixtures  have  been  investigated. 

As  usual  in  common  anion  systems,  for  a  given  family  (e.g.  the  MCl-LaCl3  systems  with 
M  =  Li,  Na,  K,  Rb,  Cs)  the  absolute  magnitude  of  enthalpy  of  mixing  AH  increases  with 
the  alkali  ion  size).  This  had  been  observed  for  almost  all  the  simple  (symmetrical)  or 
more  complex  (asymmetrical). 

A  general  feature  of  these  MX-LnX3  mixtures  is  the  location  of  the  nunimum  enthalpy  at 
about  x(LnX3)  =  0.4. 

Figure  1  reports  as  an  example  the  composition  dependence  of  AH  in  the  MCl-NdCl3 
mixtures. 

Formation  /  phase  transition  enthalpy 

The  enthalpies  of  formation  or  of  phase  transition  have  been  reported,  for  all  the 
M3LnClg  compounds  (where  Ln  =  La,  Ce,  Pr,  Nd  and  M  =  K,  Rb,  Cs),  in  a  previous 
paper  (6).  Some  new  calorimetric  results  on  the  M3NdBr^  compounds  are  presented  in 
the  following  and  a  comparison  is  established  with  the  chloride  analogues. 

K ^NdX^  compounds  (X  =  Cl,  Br) 

K3NdCl5  forms  at  724  K  according  to  reaction  [1]  from  KCl  and  K2NdCl5  with  the 

corresponding  enthalpy  46.3  kJ  mol"^.  The  temperatures  of  formation  and  melting  were 
determined  and  are  in  a  good  agreement  with  literature  data  (10)  (that  work  also  reports 
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e.m.f.  and  X-ray  measurements).  It  has  been  reported  that  K3NdBr5  undergoes  solid- 
solid  phase  transition  at  683  K  and  melts  at  933  K  (13).  However,  the  large  value  (42.4 
kJ  mol'^)  of  the  effect  at  684  K  (683  K  according  to  reference  (13))  suggests  that  it  is  not 
arising  from  a  phase  transition  but  from  the  formation  of  K3NdBrg  from  KBr  and 
K2NdBr5  as  observed  for  the  K3NdCl5  analogue.  Moreover,  the  melting  temperature  of 
K3NdBrg  determined  during  our  experiments  is  1 5  K  lower  than  the  temperature  given  in 
reference  (13).  Of  course,  this  conclusion  about  the  formation  of  K3NdBr5  at  684  K 
should  be  confirmed  by  X-ray  or  e.m.f.  measurements.  Molar  enthalpies  and  entropies  of 
formation  and  of  melting  are  given  in  table  2  for  K3NdCl5  and  K3NdBr5. 


Table  2.  Molar  enthalpies  and  entropies  of  formation  (including  transition)  and 
melting  of  K3NdCl5  and  K3NdBr^ 


"^f  ^f^m  %^m 

(K)  (kJmol'^)  (Jmol“^K' 

"^fus 
')  (K) 

'^fus^m 

(kJmoF^) 

^fus^m 

(Imor^K-^ 

ref 

%NdCl6 

724 

46.3 

63.1 

973 

48.0 

49.3 

719 

972 

(10) 

K3NdBr6 

684 

44.0 

64.3 

918 

41.4 

45.1 

683  * 

933 

(14) 

*indicated  in  ref  (13)  as  the  temperature  of  a  solid-solid  phase  transition 

There  was  only  one  single  effect  observed  on  the  heating  curves  of  K3NdCl5  and 
K3NdBr^  before  melting.  This  effect  was  ascribed  to  the  formation  reaction  of 
compounds  according  to  reaction  [1].  However  for  K3NdBrg,  this  effect  was  splitted 
into  two  independent  peaks  on  cooling.  Several  runs  were  performed  at  different  heating 
and  cooling  rates  and  are  presented  in  figure  2.  From  the  analysis  of  results,  it  is  possible 
to  conclude  that  the  temperature  and  enthalpy  of  K3NdBrg  formation  are  not  dependent 

on  heating  rate  (with  exception  of  the  highest  rate  -  30  K.min  ^)  and  are  equal  to  684  K 
and  44.0  kJ  moF^  respectively.  Upon  cooling  the  first  effect  was  observed  at  657  K  (at 
higher  cooling  rates  this  temperature  was  shifted  to  a  slightly  lower  value).  The  enthalpy 
of  this  effect  was  equal  to  7.0  kJ  mol"!.  The  temperature  of  the  second  effect  gradually 
decreased  at  increasing  cooling  rates.  Its  enthalpy  seems  to  decrease  also  but  this  decrease 
maybe  the  result  of  incorrect  peak  area  determination  (cooling  rates  5.0  and  10.0 
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K.min"^).  At  the  cooling  rate  30.0  K.min’^  this  effect  was  not  observed  and  a  metastable 
phase  of  K3NdBr^  was  obtained.  During  heating  of  the  metastable  phase  a  well  shaped 
exothermic  effect  was  observed  on  the  DSC  thermograms  in  the  temperature  range  of  500 

-  520  K.  The  enthalpy  change  related  to  this  effect  was  equal  to  -  24  kJ  mof^  Very 
similar  thermal  properties  were  reported  by  Seifert  for  Rb3NdClg  (14).  The  observed 

exothermic  effects  are  very  likely  due  to  the  of  metastable  decomposition  of  K3NdBr5 
(or  Rb3NdCl5  (14)).Table  2  summarizes  the  entropies  determined  from  the  measured 
enthalpies. 

Rb^NdX^  compounds  (X  =  Cl,  Br) 

We  did  not  observe  any  effect  of  compound  formation  on  the  DTA  curves  of 
Rb3NdCl5  and  Rb3NdBr5.  The  single  effects  on  heating  curves  are  rather  phase 

transitions  than  reactions  of  formation.  This  conclusion  comes  from  the  comparison  of 
the  enthalpies  related  to  these  effects  with  the  corresponding  enthalpies  for  the  caesium 
and  potassium  analogous  compounds.  However,  according  to  Seifert  (10),  Rb3NdCl5is 

unstable  at  room  temperature  and  forms  from  RbCl  and  Rb2NdCl5  at  547  K  then 
undergoes  phase  transition  at  667  K.  On  cooling  the  metastable  phase  of  the  compound  is 
obtained  and  its  decomposition  may  take  place  only  under  specific  conditions,  e.g.  with 
catalytic  action  of  water  ( 1 2).  Taking  into  account  Seifert's  remarks,  we  may  assume  that 
during  our  experiments  only  one  modification  of  Rb3NdClg  was  involved  -  stable  at 

higher  temperatures,  metastable  at  lower  temperatures.  We  cannot  explain  the  origin  of 
the  small  effect  observed  on  the  heating  curves  of  Rb3NdClg  at  382  K. 

It  is  known  from  literature  (15)  that  the  M3LaBr5  compounds  in  the  RbBr-LaBr3 
and  CsBr-LaBr3  systems  crystallize  in  a  cubic  elapsolite  structure  above  the  phase 
transition  temperature  (701  K  for  Rb3LaBr5  and  712  K  for  Cs3LaBr6)  and  are 
monoclinic  below  this  temperature.  Metastable  Rb3LaBrg  may  be  obtained  only  by 
quenching.  These  similarities  between  lanthanum  and  neodymium  compounds  suggest 
that  it  would  be  interesting  to  determine  structure  of  Rb3NdBr5  and  carry  out  thee.m.f, 

measurements  described  by  Seifert. 

Cs^NdX^  compounds  (X  =  Cl,  Br) 

Cs3NdCl5  and  Cs3NdBr5  are  stable  at  room  temperature  and  undergo  solid-solid 
phase  transitions  at  678  and  731  K,  respectively,  with  the  corresponding  enthalpies  7.4 
kJ  mol'^  and  8.8  kJ  mol'^.  No  supercooling  effects  were  observed  for  these  compounds. 
Cs3NdCl5  is  cubic  elapsolite  above  the  temperature  of  phase  transition  and  monoclinic 
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below  this  temperature  (10).  Enthalpies  and  entropies  of  phase  transition  in  the  solid  state 
and  melting  were  determined  for  Cs3NdClg  and  Cs3NdBr5. 


Heat  capacity 

Pure  lanthanide  halides 

Very  few  data  exist  on  pure  lanthanide  halides.  Also  when  data  are  available,  they 
are  often  contadictory  :  for  instance  two  very  different  values  are  reported  for  the  heat 
capacity  of  liquid  LaCl3  (349.8  Lmol-^K-l  (i6)  and  158  J.morlK"^  (17), 
respectively). 


Table  3.  Coefficients  in  the  heat  capacity  equation  Cp,m  (J.mol"  ^K'^)  =  a  +  bT, 
for  the  LnCl3  compounds.  SE  -  Standard  error  of  estimation.(s)-solid,  (l)-liquid. 


Compound 

Temperature  range/K 

a 

b 

SE 

LaCl3  (s) 

300-1100 

82.51 

3.816-10-2 

2.01 

CeCl3  (s) 

300-1040 

89.05 

1.790-10-2 

1.10 

PrCl3  (s) 
PrCl3  (1) 

300-1000 

1068-1090 

91.32 

155.28 

3.459-10-2 

1.11 

1.24 

NdCl3  (s) 
NdCl3  (1) 

300-980 

1035-1090 

102.27 

149.53 

2.170-10-2 

1.71 

2.39 

GdCl3  (s) 
GdCl3  (1) 

300-700 

880-970 

95.29 

139.89 

1.584- 10-2 

1.51 

1.14 

DyCl3  (s) 
DyCl3  (1) 

300-610;635-860 

935-960 

98.65 

159.43 

1.102-10-2 

3.6 

1.35 

Electrochemical  Society  Proceedings  Volume  96-7 


444 


We  investigated  CeCl3,  PrCi3,  NdCl3,  GdC^  andDyCl3  by  Differential  Scanning 
Calorimetry.  Figure  3  shows  as  an  example  the  Cp  values  measured  for  CeCl3.  We  also 

reported  the  estimated  values  of  literature.  Pankratz’s  (17)  estimates,  based  on  Walden 
and  Smith’s  (18)  drop  calorimetry  measurements,  appears  to  exhibit  an  unusual 
temperature  dependance.  Surprisingly,  the  same  estimate  was  obtained  by  Knacke  el  al. 
(19)  even  if  in  an  earlier  compilation  Barin  and  Knacke  (20)  had  given  a  more  reliable 
dependence.  Our  experimental  results  agree  within  ±  4%  with  the  later. 

Heat  capacities  were  obtained  both  for  the  solid  and  liquid  state,  except  for  LaCi3  and 

CeCl3  since  their  melting  temperature  was  beyond  the  experimental  range. 

The  experimental  heat  capacity  data  were  fitted  to  analytical  equations  Cp  =  a  +  bT 
both  in  the  solid  and  the  liquid  state.  The  coefficients  and  the  temperature  ranges  are  given 
in  Table  3. 

Definite  compounds 

The  heat  capacities  of  the  M3LnCl5  compounds,  where  M  =  K,  Rb,  Cs  and  Ln  = 
La,  Ce,  Pr,  Nd  have  been  determined  by  differential  scanning  calorimetry  (DSC)  in  the 
temperature  range  300  -  1 100  K  .  Most  of  these  compounds  are  characterized  by  a  limited 
stability  range  and  phase  transitions  in  the  solid  state.  Cp,m  exibitsa  specific  behavior 
since  it  decreases  with  temperature  from  the  phase  transition  temperature  up  to  150-200  K 
above  this  transition  .  This  was  observed  for  the  :  Rb3CeCl5,  Rb3PrCl5,  Rb3NdCl5  and 
Cs3LnCl5  compounds.  The  phenomenon  was  not  observed  for  K2LaCl5,  K3LnCl5  and 
Rb3LaCl5.  We  report  as  an  example  the  heat  capacity  of  the  Cs3LnCl5  compounds 
(Figure  4). 


Electrical  conductivity 

Pure  lanthanide  halides 

Several  works  have  been  reported  so  far  on  the  structure  of  rare  earth  chlorides 
(LnCl3)  by  X-ray  diffraction  (21,  22),  neutron  diffraction  (23)  and  Raman  spectroscopy 
(21,  24,  25,  26),  revealing  that  there  existed  in  melt  the  octahedral  complex  anion 
LnCp'5  and  a  loose  disordered  network  of  corner-  or  edge-sharing  octahedral  units. 

Moreover,  the  measurements  of  conductivities  are  originally,  of  much  use  in  studying 
dynamics  of  molten  salts,  reflecting  the  average  dynamical  structure.  The  molar 
conductivities  of  several  rare  earth  chlorides  were  reported  (27,  28,  29,  30)  and  the 
results  suggested  that  the  existence  of  dimeric  or  more  polymeric  complex  anions  may  be 
presumed  in  these  melts.  The  structures  of  molten  ErCl3,  ErCl3.3NaCl  and  ErCl3.3KCl 
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were  investigated  (22,  31)  and  the  existence  of  octahedral  complex  ions,  ErCF'5,  was 
confirmed.  Also  expected  is  some  clustering  of  distorted  octahedral  with  edge-sharing. 
The  molar  volumes  and  the  conductivities  of  molten  ErCl3  and  of  the  ErCl3-NaCl  and 
ErCl3-KCl  systems  have  been  measured,  and  the  molar  conductivities  estimated  (32). 

We  have  also  determined  the  conductivities  of  the  LnCl3  and  M3LnCl5  compounds  (Ln  = 
La,  Ce,  Pr,  Nd;  M  =  K,  Rb,  Cs)  (33).  The  experimental  electrical  conductivities  of  the 
pure  melts  were  fitted  to  the  equation 

K  =  a  +  bT  +  cT^  [2] 

with  T  being  the  absolute  temperature. 

The  parameters  a,  b  and  c  in  this  empirical  conductivity  equation  are  shown  in  Table  4. 


Table  4.  Coefficients  of  the  electrical  conductivity  equation.S.E.  standard  error 


Compound 

Temperature 

a 

b 

c 

S.E. 

K 

10-2  S  j^-l 

S  m-1  K-1 

10-4Sm-lK-2 

Sm'^ 

LaCl3 

1144-1234 

-7.170 

1.189 

-3.77 

0.322 

CeCi3 

1090-1254 

-3.551 

0.584 

-1.68 

0.168 

PrCl3 

1070-1170 

-8.392 

1.431 

-5.38 

0.113 

NdCl3 

1017-1135 

-5.191 

0.869 

-2.57 

0.408 

ErCl3 

1069-1178 

-1.801 

2.505 

-0.448 

0.006 

The  molar  conductivity  of  a  molten  salt  is  given  by  : 

A=kVj^  [3] 


where  A  is  the  molar  conductivity,  K  the  specific  conductivity  and  the  molar  volume 

of  the  salt.  The  data  were  taken  from  literature  (34,  35)  or  measured  (ErCl3). 

Since  the  In  A  vs  1/T  plots  were  straight  lines,  the  molar  conductivities  were  smoothed  by 
Arrhenius-type  equations 

A  =  A  Q  exp  (-E^/RT)  [4] 
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where  R  is  the  gas  constant  in  J.mol'^K'^  Aq  the  characteristic  constant  of  the  melt, 
and  the  activation  energy  for  electrical  conduction.  The  values  of  Aq  and  Ejs^  are 
presented  in  Table  5. 


Table  5.  Molar  electrical  conductivity  (A/Sm^mol'^)  of  LnCl3 


Compound 

AQ/Sm^mol"  ^ 

E^/kJ.morl 

LaCl3 

1.168 

29.62 

CeCl3 

0.103 

25.36 

PrCl3 

0.143 

28.32 

NdCl3 

0.204 

28.05 

E1CI3 

656.5 

37.78 

A  few  investigations  of  molten  LaCl3  specific  conductivity  have  been  reported  (36, 

37,  38,  39,  40,  41)  .  Our  results  were  compared  with  literature  data.  They  are  in  good 
agreement  with  Jaffe  and  van  Artsdalen’s  results  (37)  i.e  a  maximum  deviation  less  than 
0.7%  in  the  whole  experimental  range.  Smirnov  and  Khokhlov's  (41)  and  Voigt  and 
Biltz’s  (39)  conductivity  values  are  consistently  lower  than  ours  (about  17%  and  25%  at 
1250  K,  respectively ). 

The  specific  conductivity  of  CeCl3  was  measured  by  Bronstein,  Dworkin  and  Bredig 

(42)  and  by  Mellors  and  Senderoff  (35),  results  which  are  larger  than  ours  by  7-9%  and 
23-25%,  respectively  As  the  uncertainty  in  Mellors  and  Senderoff  s  specific  conductance 
values  was  estimated  at  about  15%  (43),  the  agreement  with  our  results  is  quite  good. 
Three  specific  conductivity  investigations  have  been  reported  for  molten  PrCl3  (39,  44, 

27).  The  present  results  are  significantly  smaller  than  those  obtained  by  Dworkin, 
Bronstein  and  Bredig  (44)  and  Iwadate,  Igarashi  and  Mochinaga  (27)  (e.g.  22%  and  18% 
at  1090  K)  but  they  are  in  good  agreement  with  Voigt  and  Biltz’s  data  (39)  (Fig.5).  The 
maximum  departure  between  them  does  not  exceed  2.5%  in  the  experimental  temperature 
range. 

The  specific  conductivity  results  for  molten  NdCl3  are  compared  with  literature  data  (39, 
40,  28)  inFig.6.  They  are  significantly  higher  (e.g.  the  departure  from  Forthmann,  Vogel 
and  Schneider's  results  (40)  is  about  25%). 

The  lanthanide  chlorides  used  in  this  work  for  electrical  conductivity  measurements  have 
been  previously  used  in  calorimetric  investigations  (1).  The  enthalpies  of  fusion  and 
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melting  temperatures  values  were  in  excellent  agreement  with  literature  data.  The  values 
andTfus  are  the  following  :  LaCl3  -  55.7  kJ  moF^  and  1 127  K,  CeCl3  -  55.5 
kJ  mol-l  and  1086K,  PrCl3  -  52.1  kJ  moF^  and  1061K,  NdCl3  -  48.1  kJ  moF^  and 

1032K  while  literature  reported  :  54.3  kJ  moF^  and  1128K  (45),  53.5  kJ  moF^  and 
1090K  (46),  50.6  kJ  moF^  and  1059  K  (47)  ;  50.2  kJ  moF^  and  1032  K  (47) 

respectively.  This  agreement  confirms  the  purity  of  the  compounds  used  in  the  present 
investigations. 

Mixtures 

There  are  only  few  data  reported  in  literature  for  the  electrical  conductivity  of  the 
M3LnCl6  compounds.  K3NdCl6  (40,  28),  K3PrCl6  (40,  27),  Rb3LaCl5  and  Cs3LaCl5 
compounds  (only  at  1 195  K)  (40). were  investigated.  The  electrical  conductivity  of  the 
M^CeCl^,  Rb3PrCl6,  Cs^VrCl^,  Rb3NdCl6  and  Cs3NdCl6  compounds  was  measured 

for  the  first  time  in  the  present  work.  . 

The  comparison  of  our  results  with  literature  data  for  K3PrCl5  and  K3NdCl5  is  shown  in 

Fig.  7  and  8.  They  are  about  20%  lower  than  Iwadate,  Igarashi  and  Mochinaga’s  (27)  for 
K3PrCl5  and  about  35%  higher  than  Mochinaga  and  Iwadate’s  values  (28)  for  K3NdCl5. 
Our  results  for  Rb3LaCl6  and  Cs3LaCl6  at  the  reference  temperature  1 195  K  are  90.1 

Sm“l  and  75.0  Sm'^  compared  with  130.7  Sm'^  and  101.19  Suf^  (Forthmann,  Vogel 
and  Schneider  (40)),  respectively.  .  .  .  ,  j  ^ 

The  results  obtained  showed  that  the  activation  energy  for  electrical  conductivity  does  not 
depend  significantly  on  alkali  metal  cation.  The  electrical  conductivity  decreases  with 
increasing  ionic  radius  of  alkali  metal  cation.  It  depends  also  on  lanthanide  complex  anion 
which  is  formed  in  the  melts.  ,  .  .  r 

In  the  case  of  the  K3LnClg  compounds,the  electrical  conductivity  of  K3NdCl6  is 

significantly  higher  than  that  of  the  K3PrCl6  and  K3CeCl6  compounds.  It  can  be 
explained  by  polymer  formation. 

It  was  shown  that  Ln^  “  complexes  are  formed  in  the  KCl-LnCl3  melts  (27,  28).  The 

formation  of  dimers  Ln2Cl  j  also  takes  place  (28).  As  product  of  dimerization  free  CF 
ions  with  higher  ionic  mobility  are  produced.  The  possibility  of  dimerization  or 
polymerization  is  higher  for  K3NdCl6  and  its  electrical  conductivity  larger. 

For  the  Rb3LnCl5  compounds,  the  electrical  conductivity  of  Rb3NdCl6  is  also 
significantly  higher  than  that  of  Rb3LaCI^,  Rb3PrCl^  and  Rb3CeClg.  Probably  the 
dimerization  can  also  take  place  but  the  degree  of  dimerization  is  lower  than  for  the 
K3NdCl5  compound. 
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In  the  case  of  Cs3LnCl5  compounds  the  dimerization  is  not  possible  and  the  values  of 
electrical  conductivity  of  all  compounds  are  very  close  altogether  because  of  the  similarity 
of  lanthanide  cations. 

Molar  volume 

Pure  lanthanide  halides 

ErCl3  forms  a  monoclinic  crystal  (48).  In  order  to  study  the  volume  change  on 
melting,  the  molar  volume,  V,  in  the  crystalline  state  was  calculated  by  the  equation 

V  =  abc  sin  b  (N^s^Z)  [5] 

where  a,  b,  c,  and  b  are  the  lattice  constants.  and  Z  are  Avogadro’s  number  and  the 
number  of  stoichiometric  units  contained  in  the  unit  cell,  respectively. 

The  molar  volume  of  molten  ErCl3  was  measured  and  expressed  as  a  linear  function  of 

temperature  as  =  59.63  +  1.562  x  lO'^  T,  with  and  T  in  cm^  mor^  and  K, 
respectively.  The  molar  volumes  of  several  lanthanide  trichlorides  are  given  in  Table  6. 

Table  6.  Molar  volume  changes  on  melting. 


Compound  T^^g/K  Vg/cm^  mol"^  Vj^/cm^  mol  ^  100  (Vj^-Vg)Vg 


LaCl3 

1150 

PrCl3 

1059 

NdCl3 

1029 

SmCl3 

935 

GdCl3 

875 

DyCl3 

928 

H0CI3 

993 

ErCl3 

1046 

YCI3 

987 

63.90 

76.30 

61.40 

74.30 

60.47 

73.65 

59.23 

73.73 

58.03 

73.34 

74.38 

74.62 

73.02 

74.00 

72.11 

75.65 

74.83 

75.17 

19.1 

21.0 

21.8 

24.5 

26.4 

0.3 

1.3 

4.9 

0.5 
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As  can  be  seen  from  Table  6,  the  changes  on  melting  of  the  molar  volume  of  UCl3-type 
lanthanide  trichlorides  are  very  large,  those  lanthanide  trichlorides  of  AlCl3-type  being 
small.  Therefore,  the  nearest  neightbour  ordering  in  molten  ErCl3  appears  to  be  similar  to 
that  in  the  solid  state. 

Mixtures 

The  molar  volumes  of  the  ErCl3-NaCl  andErCl3-KCl  mixtures  were  measured  on 

the  whole  composition  range  between  752  K  and  1178  K.  In  each  system,  a  smdl 
deviation  from  additivity  was  observed.  From  these  volume  data,  we  calculated  the 
corresponding  excess  molar  volumes  which  were  plotted  against  composition.  Figure  9 
shows  the  plots  obtained  at  1000  K  and  evidences  the  weak  deviation  from  ideality  (less 

than  2  cm^  mol"^  compared  with  volumes  around  75  cm^  deviation  is 

negative  in  the  alkali-rich  region  while  it  became  slightly  positive  in  the  raie-eailh-rich 
region. 

Structure 

Pioneering  high  temperature  Raman  spectroscopic  studies  have  been  carried  out  in 
the  1970’s  on  rare  earth  chloride  systems  in  the  liquid  and  solid  state  (49,  24,  25). 
Structural  analyses  have  been  made  by  X-ray  diffraction  and  Raman  spectroscopy  on  the 
pure  lanthanide  trichlorides.  (2 1 ,  50)  with  UCl3-type  crystal  structure  (hexagonal).  Those 

results  indicated  that  the  nearest  neighbour  chloride  coordination  number  of  a  lanthanide 
ion  changed  from  9  in  the  crystal  to  6  in  the  melt,  allowing  for  octahedral  geometry 
around  the  lanthanide  ions.  Little  is  known  about  melts  of  lanthanide  trichlorides  with 
AlCl3-type  crystal  structure  (monoclinic),  except  for  YCI3  (23).  The  melting  behavior  of 
ErCl3  might  be  similar  to  that  of  YCI3,  having  the  same  crystal  structure.  Recently 

structural  correlations  in  molten  trivalent  metal  chlorides  have  been  estimated  as  functions 
of  the  metal  ion  size  for  LaCl3  and  AlCl3-type  lanthanide  trichlorides,  using  a  charged 

soft-sphere  model  and  the  hypernetted  chain  approximation  (51).  Futhermore, 
Erbdliikbas  et  al.  (52)  have  analyzed  the  available  data  on  bond  lenghs  and  Raman 
frequencies  by  treating  an  isolated  octahedral  complex  ion  within  a  model  which  adopts 
charged  soft-sphere  interionic  potentials,  supplemented  by  taking  ionic  polarization  into 
account. 

The  short  range  structure  of  molten  ErCl3  was  studied  by  X-ray  diffraction  (22)  ; 

possible  anionic  pairs  are  discussed  in  terms  of  interatomic  distances  and  bond  angles. 
The  center  of  the  first  peak  in  G(r)  appeared  in  the  range  2.60  A  to  2.65  A.  Considering 

the  sum  of  individual  ionic  radii  given  by  Shannon  (53)  with  Er^"*"  and  Cl  being  0.89  A 
and  1.81  A,  respectively,  the  first  peak  was  assigned  to  the  nearest  neighbour  correlation, 
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Er^'''-Cr  ;  the  other  correlations  hardly  contributed  to  this  peak.  The  coordination 

number  of  Cl"  ions  around  one  Er^^  ion  was  estimated  at  5.8  ±  0.2  bv  integration  of  the 
area  under  the  peak  of  D(r) .  The  second  peak  was  found  at  3. 6-4.3  A,  being  assignable 

to  the  Cr-  Cr  and  the  Er^'^-  Er^^  correlations-  For  example,  the  Er^'''-  Er^'^'distance  in 
the  solid  ErCl3  was  estimated  at  3.91  A  from  crystallographical  data  (48)  .  A  structure 
model  was  taken  into  account,  and  the  reduced  intensity  function  Q.i(Q),  of  the  model 
was  reversely  computed.  „ 

From  these  results,  the  nearest  neighbour  distance  was  estimated  at  2.63  A  and  the 

coordination  number  of  Cl"  around  Er^^  was  5.8.  Like-ion  pair  distances  of  Cl  -Cl  and 
Er^'''-Er^'''  were  calculated  to  be  3.75  A  and  4.05  A,  respectively.  The  ratio  of  r„/i+. 
was  1.43,  being  close  to  the  1.41  value  for  octahedral  geometry. 

The  interatomic  structure,  especially  in  the  Er^'''-Er^'''  correlation,  was  considered  in 
terms  of  molar  volume  and  the  short  range  structural  parameters  were  obtained .  If  the 
Er^+  ions  were  distributed  isotropically  in  the  ErCl3  melt ,  the  average  Er^+  -Er^"*"  pair- 
distance  would  be  5.01  A.  The  corresponding  distance  obtained  from  the  X-ray  diffraction 
analyses  was  4.05  A.  This  indicates  that,  as  to  the  Er^"^  -  Er^'*'  pair,  there  is  some 
specific  configuration  in  the  melt. 

In  order  to  discuss  the  medium  range  structure  of  the  melt,  the  following  models  were 
taken  into  account  :  (i)  edge-sharing  octahedra,  (ii)  corner-sharing  octahedra.  when 

undistorted  octahedral  anions  form  an  edge-sharing  configuration,  the  Er^'''-Er^'''  pair 
distance  would  be  about  3.73  A  at  most.  This  value  is,  however,  smaller  than  that 
obtained  by  X-ray  diffraction  or  molar  volume  analyses.  The  rigid  octahedra  edge-sharing 

model  is  thus  not  suitable  for  the  medium  range  structure  of  molten  ErCl3  but  a  model 

assuming  flexible  octahedra  with  variable  Er^"*-  -Cl"  and  Cr-Cl’  bond  lengths  could  be 
valid.  This  supports  the  suggestion  by  Saboungi  et  al.  (23)  that  molten  ErCl3  may  have  a 
structure  similar  to  YCI3.  Next,  a  linear  arrangement  of  octahedral  ions  was  considered 

on  the  basis  of  corner-sharing.  In  this  model,  the  Er^'^-Er^'^  pair-distance  became  5.28 

A,  too  a  large  value.  If  the  arrangement  is  not  linear,  i.e.  <  Er^'^-CF-Er^'^  ~  100°,  and 
two  octahedra  were  twisted  with  each  other,  this  structure  might  exist.  But  comer-sharing 

is  less  probable  that  edge-sharing  because  of  the  steric  hindrance  between  Cl"  ions, 
although  corner-sharing  has  been  expected  form  numerical  calculations  on  Raman 
frequencies  (52). 

Molecular  dynamics  simulations 

As  quoted  previously,  the  enthalpy  of  mixing  of  the  NaCl-DyCl3  system 

was  measured  at  1100  K  by  direct  calorimetry  in  the  whole  composition  range.  The 
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enthalpy-  of-mixing  values  are  negative  with  a  minimum  value  at  x(DyCl3)  ~  0.4. 
Isothermal  molecular  dynamics  (MD)  simulations  of  the  molten  DyCl3  and  NaCl-DyCl3 
systems  were  carried  out  to  calculate  the  mixing  enthalpy,  and  then  the  structure  in  these 
systems  was  investigated  (5). 

The  thermodynamie  properties  and  the  phase  diagrams  of  lanthanide  halides  in  molten 
alkali  chloride  solvents  show  that  the  lanthanide  ions  are  much  stabilized  ,  (i.e.  that  their 
activities  become  much  smaller)  than  in  the  pure  melts.  The  structure  of  the  molten 
lanthanide  halides  or  of  halides  containing  a  trivalent  cation  is  not  accurately  known  so 
far  since  most  structural  investigations  were  performed  on  monovalent  and  divalent 

molten  salts  (54 , 55 , 56 , 57)  ...  ,  .  , 

Although  structure  of  the  molten  lanthanide  halides  and  their  mixtures  have  been  scarcely 
revealed,  Mochinaga  and  Igarashi  (50)  suggested  more  complicated  complexes  than 
(  M  :  lanthanide  ion  and  X  :  halide  ion  )  which  were  determined  by  X-ray 
diffraction. 

The  mixing  enthalpy  of  the  molten  NaCl-DyCl3  system  was  measured  by  direct 

calorimetry  and  the  stabilization  of  the  Dy^+  ion  in  this  system  was  interpreted  in  terms  of 
complexes  by  molecular  dynamics  (MD)  simulation. 

In  order  to  carry  out  MD  simulations,  the  following  pair  potential  (  Ujj  )  between  ions  i 
and  j  was  employed. 

Ujj  (r)  =  Zj  Zje2/47r8()r  +  b  Ajj  exp[(ri°-i-rj°-r)/p]  (6] 

where  z,  e,  Cq,  r  ,  b,  r°  and  p  are  the  separation  distance  between  ions  i  and  j,  the 

valence  number,  the  elementary  eharge  of  electron,  the  dielectric  constant  of  vacuum,  the 
pre-exponential  term,  the  Pauling  factor,  an  ionic  radius  and  a  softness  parameter, 
respectively.  Since  the  values  of  r®and  r  of  Dy^"^  ion  are  not  available,  they  were  adjusted 
to  reproduce  experimental  structure  factors  (58)  of  the  molten  DyCl3  and  the  molten 
NaCl-DyCl3  systems.  In  order  to  compare  the  experimental  and  computational  structure 

factors,  MD  simulations  of  two  systems  were  carried  out,  i.  e.,  one  is  for  the  pure  moken 
DyCl3  at  973K  and  the  other  one  for  the  equimolar  NaCl-DyCl3  system  at  743  K  Ihe 

basic  cells  contained  108  Dy  and  324  Cl  ions  for  the  pure  DyCi3,  and  80  Dy,  80  Na  and 

320  Cl  ions  for  the  NaCl-DyCl3  (  50/50  mol%  )  mixture.  The  softness  parameter  p  for 

NaCl  is  given  by  Fumi  and  Tosi  (59)  and  p  in  the  mixture  was  evaluated  according  to 

Larsen  and  Forland  (60  ).  The  simulated  systems  were  well  annealed  (  more  than  10^ 
time  steps  :  At  =  0.5  fs  )  by  the  Velret  method,  then  the  isothermal  MD  simulation 
proposed  by  Nose  (61  )  was  adopted.  The  structure  factors  were  estimated  in  the  basic 
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cells  by  the  Debye  equation. 


Qi{Q)  =  IIfifjSin(Qrij)/r|j  [7] 

where  Q  and  fj  are  the  wave  number  and  the  atomic  structure  factor  of  a  component  i, 
respectively. 

Then,  we  made  MD  simulations  at  1  lOOK  to  obtain  the  enthalpy  of  mixing  in  this  system. 
The  potential  energy  0  was  estimated  and  the  Coulomb  energy  was  evaluated  by  the 
Ewald  method.  The  internal  energy  U  was  calculated  by 


U  =  0  +  K.E. 


[8] 


where  K.E.  is  the  kinetic  energy.  Although  one  can  obtain  enthalpy  by 


H  =  U  +  pV  [9] 

where  p  and  V  are  pressure  and  molar  volume,  respectively,  it  is  usually  difficult  to 
estimate  p,  because  p  is  the  small  difference  between  two  large  quantities  (coulombic  and 
repulsive).  In  condensed  phases  pV  is  so  small  that  it  can  be  neglected  :  in  this  work  pV 
is  less  than  0. 1  kJ/mol.  Thus  in  this  work  the  internal  energy  is  employed  as  enthalpy. 

The  interaction  parameter  X,  is  deduced  from  the  enthalpy  of  mixing  by  : 


^mix^m  =  ^  x(DyCl3) .  [1  -  x(DyCl3)]  [10] 

where  x(DyCl3)  is  the  mole  fraction  of  DyCl3  ,  and  was  obtained  by  the  least  square 
fitting  of  calorimetric  data. 

X  =  -  48.74  x(DyCl3)3+  20.90  x(DyCl3)2  +  62.92  x(DyCl3)  -  56.44  kJ/mol  [11] 

The  adjusted  parameters  (  =  0. 1 13  nm  and  r  =  0.025  nm )  give  reasonable  agreement 

between  experimental  and  computational  structure  factors. 

The  mixing  enthalpy  in  the  simulated  system  was  calculated  from  the  following  equation  : 

=  H„(XNaCl.  ’‘(DyCIs))  -  >‘NaCl  •  Hm(NaCl)  -  xCDyClj).  H„,(  DyClj)  [12] 


where  Hjj^(NaCl)  and  Hj^(DyCl3)  are  the  enthalpies  of  the  pure  eomponents. 
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DISCUSSION 
Enthalpy  of  mixing 

The  representation  of  enthalpy-of-mixing  data  vs  composition  is  often  done  by  least 
squares  fitted  polynomials :  for  the  present  mixtures,  a  large  number  of  parameters  is 
involved  and  they  have  no  physical  meaning.  Another  route  is  modeling  which,  if  based 
on  structural  and  energetic  hypothesis,  will  allow  a  good  representation  of  experimental 
data  and  a  reliable  basis  for  further  estimation  of  unknown  melts. 

As  shown  for  different  types  of  molten  salt  systems  (62),  themodynamic  modeling 
should  take  into  account  structural  properties.  Previous  investigations  indicated  that  the 
MX-LnX3  melts  contain  complexes  as  detailed  in  the  following.  We  therefore  used  the 

Hoch-Arpshofen  model  (63)  which  is  based  on  the  existence  of  complexes  within  the 
liquid.  Though  this  approach  revealed  successful  for  several  kinds  of  high  temperature 
liquids  such  as  alloys  (64),  oxides  (65)  and  some  simpler  molten  salt  rnixtures  (66),  it 
failed  representing  the  composition  dependence  of  enthalpy  for  the  lanthanide  melts. 

A  different  modeling  should  be  developed  in  order  to  take  into  account  the  specific 
structure  information  obtained  on  these  melts.  Such  an  approach  is  in  progress  (67) . 

In  the  meantime,  we  have  examined  the  behavior  of  dilute  solutions.  The  limiting  partial 

enthalpies  ^HLnX3(MX)  ^MX(LnX3)  were  obtained  from  the  integral  enthalpy 

of  mixing  data.  Since  no  modeling  of  the  composition  dependence  was  checked 
satisfactorily,  as  explained  above,  we  optimized  the  values  deduced  from  both  a  least- 
square  polynomial  fitting  and  from  the  “Surrounded  Ion  Model”  (SIM)  originally 
developed  for  ionic  melts.  Though  the  later  would  not  be  fully  relevant  for  the  present 
complex-containing  melts,  it  can  be  considered  as  a  reasonable  estimate  for  the  dilute 
solutions  of  MX3  in  the  ionic  MX. 

The  “Surrounded  Ion  Model”  (SIM)  (68,69,70)  was  extended  to  the  lanthanide  systems. 
Enthalpy  of  mixing  is  given  by  : 

AH  =  (3-2x)x*(  1  -X*)  { [ AHmXCLhXj)  -  <  [^^XjCMX)  l='*+(l/3) AHl„X3(MX)  1 

[13] 

with  X*  =  x*(LnX3) 

=  [3  x(LnX3)]  /  (1  +  2  x(LnX3)]  [14] 

while  the  “equivalent”  interaction  parameter  X*  : 

?i*=AH/(3-2x)x*(l-x*)  [15] 
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depends  linearly  on  the  limiting  partial  molar  enthalpies  and 

^^LnX3(MX) 

Correlations  have  been  made  in  molten  salts  systems  between  the  magnitude  of  the  excess 
enthalpy  and  various  parameters.  For  the  most  simple  AX-BX  melts  (common  anion, 

symmetrical  cations)  a  simple  dependence  on  the  so-called  distance  parameter  is 

observed  within  the  same  family  (nitrates,  chlorides, ...). 

^  ^AX)  ■  ( ^BX)  ^AX  =  ^A-h  +  ^X-  ^BX  =  ^B+  +  ‘'X- 

For  mixtures  involving  ions  with  different  valences,  AX-BX2  for  instance,  the  interaction 
parameter  was  found  correlated  to  the  difference  between  the  ionic  potentials  : 

AIP  =|z, /r^l  -  |zb /rB*|  [16] 

In  this  case  also,  this  correlation  applies  within  a  same  melt  family. 

For  the  lanthanide  chloride  and  bromide  melts,  we  calculated  the  limiting  partial  molar 
enthalpy  (i.e.  the  equivalent  interaction  parameter  at  x*  =  0 

AIP  =|zm  /rt,|  -  |zl„  /ii;|  [17] 

The  dependence  of  (mx)  against  AIP  was  examined.  No  simple  correlation  could  be 

observed  for  the  2 1  systems  quoted  in  table  1 .  We  have  however  noticed  that  the  limiting 
partial  enthalpy  of  LnCl3  in  MX  is  a  linear  function  of  the  ionic  radius  ratio 

r(M'^)/r(Ln^'*') :  this  dependence  is  illustrated  in  Figure  10. 

Enthalpy  of  phase  transition 

All  the  investigated  compounds  undergo  a  phase  transition  in  the  solid  state.  The 
difference  between  the  melting  temperatures  and  the  temperatures  of  phase  transitions 
increases  with  the  atomic  number  of  alkali  metal  and  decreases  for  the  heavier  halide. 

Caesium  and  rubidium  compounds  are  stable  from  ambient  temperature  up  to 
melting.  K3NdCl5  and  K3NdBr5  form  at  higher  temperatures. 

Experiments  with  K3NdBrg  reveal  that  it  is  possible  to  separate  the 
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formation/decomposition  and  phase  transition  effects  during  cooling.  The  decomposition 
temperature  of  K3NdBrg  decreases  at  increasing  cooling  rates.  At  30  K.min'  it  is 
possible  to  preserve  the  metastable  form  of  K3NdBr^  even  at  ambient  temperature  and 
then  to  observe  the  exothermic  decomposition  effect  during  subsequent  heating  of  the 
compound. 


Heat  capacity 

We  have  measured  the  heat  capacities  of  solid  and  liquid  LaCl3,  CeCl3  ,  PrCl3, 
NdCl3,  GdCl3  and  DyCl3. 

The  only  original  data  found  in  literature  for  solid  lanthanide  chloride  were  given  by 
Dworkin  and  Bredig  (46,  47),  Sommers  and  Westrum’s  (71,  72),  Walden  (18)  and 
Reuter  and  Seifert  (73).  In  the  high  temperature  solid  range  only  the  Cp  values  at  the 

melting  temperature  were  reported  by  (46,  47)  ;  for  LaCl3,  however,  data  exist  on  the 
temperature  range  200  K  -  770  K.  In  the  liquid  range,  the  Cp  range  from  140  J  mol'^K'^ 

to  160  J  mol’^  ;  Dworkin  and  Bredig  (46,  47)  had  obtained  values  of  the  same 
magnitude  while  the  values  reported  by  Savin  et  al.  (16)  for  LaCl3,  PrCl3  and  DyCl3 
differ  by  10%  to  100%  from  ours  or  from  the  estimated  values  (17,  20,  19). 

Due  to  a  discontinuity  in  the  vicinity  of  a  phase  transition,  it  is  not  possible  to  describe  the 
heat  capacity  temperature  dependence  with  conventional  polynomials  when  the  transition 
temperature  is  approached.  The  experimental  Cp  values  were  fitted  by  equations  making 
this  description  possible  (74).  From  these  heat  capacities,  we  calculated  the  formation 
enthalpies  of  some  compounds  in  the  liquid  state.  The  enthalpies  of  formation  are  6-7 
times  larger  than  the  enthalpies  of  phase  transition.  All  the  K3LnCl5  compounds  exist  in 
a  very  limited  temperature  range  (200K).  The  corresponding  temperatures  of  formation 
increase  in  the  sequence  Nd  <  Pr  <  Ce  while  the  melting  temperatures  decrease.  All  the 
Cs3LnCl5  (stable  from  room  temperature  up  to  fusion)  undergo  phase  tiansition. 

Furthermore,  the  temperature  for  this  phase  transition  is  almost  the  same  for  all  the 
compounds.  The  melting  temperatures  are  not  very  different  and  increase  smoothly  in  me 
sequence  La  to  Nd.  Finally,  the  Rb3LnCl6  have  all  the  features  exhibited  individually  by 

the  previous  compounds  :  they  form  at  rather  high  temperatures  and  undergo  phase 
transition. 


Electrical  conductivity 

Taking  into  account  the  magnitude  of  A’s  and  the  structure  deduced  from  the  other 
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rare  earth  trichloride  melts,  complex  ions  ErCI^'g  and  its  dimeric  species  ErClf  j  and 
Er2Cl  might  exist  in  molten  ErCl3  and  its  mixture  melts  as  well  as  other  rare  earth 
chloride  melts.  As  shown  in  the  first  three  rows  of  Table  1,  LaCl3,  PrCl3  and  NdCl3  in 
the  solid  state  possess  the  UCl3-type  structure  (48).  On  the  other  hand,  YCI3  and  ErCl3 
crystals  have  the  AlCl3-type  structure  (48).  These  five  rare  earth  chloride  melts  are  not  so 

different  from  one  another  in  terms  of  molar  volume  but  the  A’s  of  the  former  group,  are 
apparently  larger  than  those  of  the  latter  group,  reflecting  the  order  of  cationic  radius.  It 
was  reported  that  the  dimers  with  corner-sharing  of  octahedral  units  exist  in  molten 
LaCl3,  PrCl3  and  NdCl3  (21)  and  these  with  edge-sharing  in  the  molten  YCI3  (23)  and 
ErCl3  (22).  It  might  be  through  that  the  melts  with  corner-sharing  of  octahedral  units 

have  larger  A’s  than  the  melts  with  edge-sharing. 

Structure 

Although  there  are  some  discrepancies  between  experimental  and  simulated 
enthalpies  of  the  NaCl-DyCl3  melt,  MD  simulation  reproduces  quite  well  the  interaction 

around  x(DyCl3)  =  0.35. 

i)  Another  peak  at  x(DyCl3)  =  0.50  was  also  found  by  simulation,  while  in  the 
experimental  enthalpy,  one  peak  at  x(DyCl3)  =  0.30  and  one  shoulder  around  x(DyCl3)  = 
0.80  have  been  observed.  The  peaks  imply  a  preferential  interaction  between  ions.  In  this 
MD  simulation,  ionic  sizes  and  charges  alone  are  taken  into  account.  An  orientational 
interaction  of  orbital  electrons  cannot  be  included.  Then  the  simulated  peaks  correspond 
to  a  geometrical  preferential  arrangement. 

ii)  The  magnitude  of  the  mixing  enthalpy  in  the  simulated  system  is  about  4  times  larger 
than  that  in  the  experimental  system.  The  pair  potential  given  by  Eq.  [1]  does  not  include 

dispersion  terms,  which  may  affect  the  repulsion  parameter  p.  While  interaction  distance 
between  Cl-Cl  does  not  significantly  depend  on  composition,  the  interaction  distance 
between  Dy  and  Cl  increases  with  an  increase  of  x(DyCl)3,  and  that  between  Dy  and  Dy 
drastically  increases  at  x(DyCl)3  =  0.4.  An  increase  in  separation  distance  between  ions 
with  opposite  sign  will  bring  increase  of  the  internal  energy  and  vice  versa.  At  all 
compositions  in  the  simulated  systems  the  coordination  number  of  Cl'  ions  around  one 
Dy^'*'  ion  is  6.  Dy2Cli  and  Dy3Cl  ^5^"  were  observed  as  well  as  DyCl^^'.  Although 

most  of  these  polymers  share  apex  Cl"  ions,  edge-sharing  polymers  were  found  around 
x(DyCl3)  -  0.4. 
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CONCLUSION 


New  investigations  are  in  progress  in  order  to  elucidate  the  rather  complex  features 
of  the  rare-earth  halides.  Some  new  spectroscopic  results  will  be  reported  at  the  present 
conference  by  the  group  in  Patras  (Greece)  and  in  Liege  (Belgique)  and  we  will  perform 
neutron  diffraction  experiments  at  ILL  (Grenoble,  France)  immediately  after  the  present 
International  Symposium  on  Molten  Salts. 
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xrNdCi^l 


Figure  1  :  Composition 

dependence  of  enthalpy  of 
mixing  AH  in  the  MCl-NdCl3 

systems,  from  Ref.(3) 

1-NaCl,  2-KCl,  3-RbCl,  4- 
CsCI 


Figure  2.  DSC  cooling  curves  of  K3NdBr5  at  different  cooling  rates:  1  -  30.0 
K.min“^  2  -  10.0  K.min'^  3  -  5.0  K.min'^  4  -  2.0  K.min"^  5-1.0  K.min“^  6-0.1 
K.min"^.  Heat  flow  in  arbitrary  units  (heat  flow  values  in  mW  *  30 {cooling  rate  =  30}; 
with  exception  of  curve  6  where  heat  flow  values  are  in  mW  *  50). 
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Figure  3.  Heat  capacity  of  CtC\^  O  this  work,  1  -  linear  fitting  of  experimental 
data,  2  -  Pankratz  estimation,  3-  Barin  and  Knacke  estimation,  4  -  Knacke, 
Kubaschewski  and  Hesselman  estimation 
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Figure  7  . 
Temperature 
dependence  of  the 
specific  conductivity 
of  K3PrCl5  on 
temperature  :  1  - 

Gaune,  Ref  (33),  2  - 
Iwadate,  Igarashi, 
Mochinaga  ,  Ref 
(27),  3  -  Forthmann 
Vogel  and  Schneider, 
Ref  (40) 


Figure  8.  Temperature 
dependence  of  the 
specific  conductivity 
of  K3Nda5 

1  -  Gaune,  Ref  (33), 

2  -  Mochinaga  and 
Iwadate,  Ref  (28)  ,  3 
-  Forthmann,  Vogel 
and  Schneider  ,  Ref 
(40) 
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Figure  9.  Excess  molar  volume 
of  theNaCl-ErCl3  (1)  and  KCl- 
ErCl3  (2)  systems,  from  Ref 
(32) 


Figure  10.  Limiting  partial 
enthalpies  of  LnCl3  in  the  MCI 

alkali  chlorides  plotted  vs  the 
ionic  radius  ratio 
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Figure  11.  Stereoscopic  view  of  complex  ions  (a)  Dy2Cl2o'^‘  (b)  Dy3Cli5^ 
from  Ref  (5) 
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Abstract 

The  mobility  of  electrons  in  molten  sodium  and  potassium  halides 
was  studied  by  potential  step  measurements  using  a  Wagner  polar¬ 
ization  cell  setup.  The  diffusion  coefficient  of  electrons  did  not  vary 
significantly  with  temperature  and  alkali  metal  activities  lower  than 
0.2.  The  diffusion  coefficient  was  found  to  be  higher  in  the  bromide 
and  iodide  systems  than  in  the  chlorides,  the  actual  numbers  varying 
in  the  range  0.01  -  0.02 


Introduction 

This  work  is  a  continuation  of  measurements  of  electronic  conductivities  and 
electron  mobilities  in  molten  alkali  halides.  Previous  papers  on  NaBr  and 
Nal  /!/,  NaCl  /2/,  and  cryolite  alumina  melts  /3/,  have  explained  the  im¬ 
plementation  of  the  Wagner  polarization  method  to  molten  salts.  Results 
are  presented  here  for  sodium  and  potassium  halides;  namely,  NaCl,  NaBr, 
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Nal,  KCl,  KBr,  and  KI.  Some  of  the  older  results  are  included  in  the  present 
paper.  An  earlier  paper  on  LiCl-KCl  (eut.)  /4/  reports  erroneous  results  on 
electronic  conductivity  and  should  be  disregarded.  The  apparatus  contained 
quartz  which  reacts  with  Li  during  the  measurement.  The  electron-hole  mea¬ 
surements  reported  in  ref.  4  should  be  valid. 

Bredig  and  coworkers  /5/  carried  out  a  comprehensive  examination  of 
physical  properties  of  binary  mixtures  of  molten  salts  and  metals.  The  elec¬ 
trical  conductivity  was  found  to  increase  upon  introduction  of  metal  to  the 
molten  salt,  especially  in  the  potassium  systems.  The  excess  conductivity 
is  electronic.  At  elevated  temperatures  the  systems  undergo  a  continuous 
transition  of  the  electronic  structure  from  nonmetallic  to  metallic  states  as 
the  content  of  alkali  metal  increases.  Interaction  between  alkali  metals  and 
molten  alkali  halides  gives  rise  to  formation  of  defects  such  as  F-centers  and 
mobile  electrons.  The  properties  of  dilute  solutions  of  alkali  metals  in  molten 
alkali  halides  can  be  explained  by  using  a  thermodynamic  defect  model  pro¬ 
posed  by  Egan  and  Freyland  /6/.  Results  from  conductivity  measurements 
/1, 2/  and  optical  absorption  spectroscopy  /7/  are  in  accordance  with  pre¬ 
dictions  from  the  model.  Activities  of  sodium  and  potassium  in  the  molten 
alkali  halides  have  been  determined  by  Smirnov  et  al.  /8/  and  Barnard  et 
al.  /9/. 

Techniques  for  the  Measurement  of  Electronic 
Conduction  and  Electron  Mobilities 

Electronic  Conductivity 

The  Wagner  polarization  technique  is  usually  used  to  study  electrical  con¬ 
duction  in  solids  exhibiting  both  ionic  and  electronic  transport.  The  method 
has  been  thoroughly  treated  in  the  literature  especially  by  Wagner  in  his 
original  paper/10/  and  in  a  more  readily  accessable  review  by  Kroger  /ll/. 
A  brief  description  of  it’s  implementation  to  molten  salts  is  presented  here 
for  the  convenience  of  the  reader. 

This  is  a  dc  method  using  cells  of  the  following  type 

Fe{s)  \  MX{1)  1  M  -  (/) 

where  the  M-Bi  (1)  alloy  serves  as  a  reference  electrode  with  known  activity 
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of  sodium  or  potassium  and  the  iron  serves  as  an  inert  electron  conductor 
often  referred  to  as  a  blocking  electrode.  MX  is  any  of  the  six  sodium  and 
potassium  salts  studied.  One  applies  potentials  across  the  cell  which  are  lower 
than  those  necessary  to  decompose  the  potassium  salt,  the  iron  electrode 
being  negative.  In  this  way  ionic  currents  are  suppressed  and  only  electronic 
current  flows.  There  is  no  gradient  of  electrical  potential  within  the  bulk  of 
the  potassium  salt  otherwise  ions  would  move.  Under  steady  state  conditions 
which  take  up  to  30  minutes  after  each  potential  change  the  current  density 
is  given  by 


7  _  Hi  (?!Jl\ 
F\dx) 


(1) 


where  is  the  electronic  conductivity  in  the  melt,  F  is  the  Faraday  and  r/e  is 
the  electrochemical  potential  of  electrons  (see  Wagner  /lO/  or  Kroger  /H/)- 
The  ionic  current  density  is  given  by 


_  (2) 

Jion  -  f  [dx  dx) 

where  fJ,M  is  the  chemical  potential  of  M  in  the  melt.  Since  Jion  =  0 

dftK  __  ^  (3) 

dx  dx 

Since  the  cell  is  designed  (see  experimental  section)  so  that  the  electrolyte 
compartment  under  study  has  a  constant  cross  section,  integration  of  eqn. 
(1)  using  eqn.  (3)  gives 


(4) 


where  I  is  the  length.  The  chemical  potential  of  M  at  the  iron  electrode  is 
related  to  the  voltage  impressed  across  the  cell,  E,  by 


(5) 


Differentiation  of  (4)  and  (5)  with  respect  to  fj,^  and  substitution  gives 


Ke  = 


d\Je\  ^  ^d\I\ 

dE  dE 


(6) 
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where  G  is  the  cell  contstant  and  I  is  the  steady  state  current  of  cell  (I).  In 
order  to  obtain  the  electronic  conductivity  in  the  melt,  steady  state  current- 
potential  curves  were  obtained  and  then  differentiated  to  yield  from  eqn. 
6.  The  differentiation  was  performed  by  fitting  the  data  points  to  the  follow¬ 
ing  exponential  equation  using  a  least  square  method  /12/ 


/  =  A,  [exp  (^)  -  l]  +  A,  [eorp  (||^)  -  l]  (7) 

where  Ai  and  are  constants  given  by  the  least  squares  fit  and  E  is  the 
absolute  potential.  The  electronic  conductivity  is  then  given  by 


Further,  the  conductivity  was  obtained  as  a  function  of  sodium  or  potassium 
activity  using 


aji  =  exp 


{E  -  E^)F 
RT 


(9) 


where  is  the  potential  of  the  M-Bi  electrode  vs.  pure  sodium  or  potassium 
taken  from  the  literature  on  the  sodium  /13, 14, 15, 16/  and  potassium  system 
/16,17/. 


Electron  mobilities 


The  diffusion  coefficient  and  mobility  of  electrons  in  the  melt  may  also  be 
measured  by  observing  the  cell’s  approach  to  steady  state.  When  a  potential 
is  imposed  on  the  iron  electrode,  a  chemical  potential  of  sodium  is  produced 
in  the  melt  at  this  point  and  with  it  a  given  concentration  of  electrons. 
These  electrons  then  diffuse  toward  the  reference  electrode  according  to  Pick’s 
second  law.  The  concentration  of  electrons  as  a  function  of  time  and  distance 
from  the  iron  electrode  is  given  by  the  following  equation  (see  for  example 
Crank  /18/) 


,  ,x  2  ^  cocosnTT  —  Cl  ,  nnx  ( 

:  =  Cl  -t-  (co  -  Cl)-  A- 22 - sin—exp  ( - ‘ 

‘  ^  n=l  ” 


I 


1  .  (2m  -I-  VjTTx 


2m -fl 


I 


exp  I  — 


R  j 

D{2m  +  l)^7r^< 


(10) 
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where  ci  is  the  electron  concentration  at  the  iron  electrode,  co  is  the  concen¬ 
tration  at  the  reference  electrode,  x  is  the  distance  from  the  iron  electrode, 
D  is  the  diffusion  coefficient  of  electrons,  I  the  distance  between  the  iron 
electrode  and  the  reference  electrode,  and  t  is  the  time  in  seconds.  The  flow 


of  electrons,  j,  is  then  given  by 

D{ci  -  Co) 

I 


j  =  -D  (  — 


+ 


2Dci  ^  I 

^  exp  (  - 

‘  n=l 


Dn^7rH\ 


—  ^(-Ifexp  - p— j 

4Dcq  ^  /  D{2m4-lYnH 
I  ^  \  P 

‘  m=0  \ 


(11) 


The  quantity  of  electrons  flowing  in  the  cell  is  given  by 

4co/ 


CQCosmr  —  Ci 


1  —  exp  — 


DrP’n'^t 


5.  (2™+!)" 


Di2m  + 

1  -  exp  ( - 


(12) 


At  longer  times  with  t  oo  equation  (10)  reduces  to 

=  (13) 

The  total  number  of  coulombs  passed  through  the  cell  as  a  function  of  time 
is  given  by 

Dic,-co}FA^^h_^^FA  (14) 

I  O 

where  F  is  the  Faraday  constant  and  A  is  the  area  of  the  melt  compartment. 
Thus  if  one  imposes  a  voltage  across  the  cell  at  i  =  0  and  measures  the 
coulombs  until  steady  state,  one  obtains  the  diffusion  coefficient  of  electrons 
as  follows.  The  slope  of  a  plot  of  Q  vs.  t  is  given  by 

(15) 

when  the  concentration  of  electrons  at  the  reference  electrode  is  much  smaller 
than  that  generated  at  the  iron  electrode.  The  intercept  of  the  plot  is  given 

by 

Intercept  =  -(ci  -  co)FA  =  ^^^) 
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Since  /  =  dQjdt 


__  Slope  P 
Intercept  3 


D  = 


{Q  -  n)z 


(18) 


Therefore  measurements  of  Q  were  taken  for  a  time  t  until  steady  state  was 
reached  and  eqn.  (16)  used  to  obtain  values  of  D.  The  mobility  of  electrons 
was  then  calculated  from  the  Nernst-Einstein  equation 


n,  =  iDF)/iRT) 


(19) 


Experimental  Details 

The  experimental  apparatus  is  shown  in  Fig.  1.  A  large  tantalum  crucible, 
which  resides  inside  of  a  vacuum  tight  Vycor  container  (not  shown),  contains 
the  molten  salt  in  contact  with  a  molten  M-Bi  alloy.  The  molten  salts  were 
obtained  from  single  crystals  of  optical  grade.  The  Fe  electrode  is  placed 
inside  a  sapphire  capillary  (4.2  cm  long,  3  mm  inside  diameter).  A  vac¬ 
uum  tight  seal  is  formed  between  iron  and  sapphire.  This  seal  prevents  the 
evaporation  of  alkali  metal,  which  is  essential  for  obtaining  good  results.  A 
constant  potential  is  imposed  across  the  cell  making  the  Ta  cup  positive  and 
the  Fe  electrode  negative.  The  current  through  the  cell  is  measured  as  a 
function  of  time,  and  the  steady  state  value  is  recorded.  A  series  of  such 
corresponding  data  is  measured  to  obtain  a  current  versus  potential  curve. 
The  electronic  conductivity  can  be  calculated  as  a  function  of  potential.  The 
cell  constant  is  determined  by  the  geometry  of  the  sapphire  capillary,  ac 
resistance  measurements  are  also  made  periodically  between  the  Ta  cup  and 
the  Fe  electrode  as  a  control. 

A  transient  technique  is  applied  to  the  same  cell  in  order  to  measure  the 
diffusion  coefficient  of  electrons.  The  current  response  to  a  potential  applied 
across  the  electrodes  is  measured  until  steady  state  is  attained.  The  total 
number  of  coulombs  passed  is  recorded  along  with  the  time  and  the  diffusion 
coefficient  calculated  from  eqn.  (18). 

A  reference  electrode  consisting  of  a  M-Bi  alloy  placed  inside  an  alumina 
tube  is  also  shown.  The  amount  of  Bi  is  accurately  known.  This  reference 


Electrochemical  Society  Proceedings  Volume  96-7 


473 


electrode  is  used  to  check  the  composition  of  the  M-Bi  alloy  in  the  tantalum 
cup  which  can  vary  over  a  period  of  several  days  due  to  evaporation  of  potas¬ 
sium.  All  sodium  or  potassium  is  coulometrically  removed  from  the  reference 
electrode  and  then  added  again  until  the  potential  between  the  reference  al¬ 
loy  and  the  larger  M-Bi  alloy  is  zero.  The  composition  of  the  M-Bi  alloy  in 
the  tantalum  cup  is  then  known,  and  the  metal  activity  is  calculated  from 
thermodynamic  data  for  M-Bi  alloys  /13-17/ . 


Results  and  Discussion 

Results  of  the  I  versus  E  curves  taken  on  cell  (I)  at  various  temperatures  were 
fitted  according  to  eqn.  7  and  used  to  determine  electronic  conductivities  as 
a  function  of  the  alkali  metal  activity  using  eqns.  8  and  9.  The  electronic 
conductivity  was  found  to  increase  with  increasing  alkali  metal  activity  and 
increasing  temperature  for  all  the  six  systems  /1, 2, 18/.  Bredig  and  coworkers 
/5/  have  made  a  few  measurements  of  total  conductivity  in  the  salt  rich 
regions  studied  here.  Their  results  with  ionic  conduction  subtracted  showed 
good  agreement  with  our  results. 

Transient  measurements  on  the  approach  to  steady  state  yield  diffusion 
coefficients  and  mobilities  of  electrons  and  are  shown  in  Tables  1-6.  The 
mobilities  of  electrons  in  these  systems  remain  constant  with  increasing  M 
activity  and  electron  concentration  up  to  an  alkali  metal  activity  of  about 
0.1.  For  the  KI  system  several  transient  measurements  were  deliberately 
made  at  K  activities  greater  than  0.1  (E=0.78)  as  shown  in  Table  6.  The 
results  show  that  the  diffusion  coefficient  is  starting  to  vary  with  K  activity. 
Since  the  diffusion  equations  used  in  our  transient  method  require  a  constant 
diffusion  coefficient,  the  method  is  not  valid  at  higher  K  activities.  Thus  the 
values  obtained  at  K  activities  too  high  to  be  valid  are  shown  in  parentheses. 
Table  7  shows  typical  values  for  the  concentration  of  electrons  at  relatively 
high  K  activities.  The  sodium  systems  show  similar  behavior.  The  electron 
mobility  does  not  vary  significantly  with  temperature,  while  the  electronic 
conductivity  increases  with  increasing  temperature  due  to  incresing  electron 
concentration.  The  electron  mobility  was  found  to  be  higher  in  the  bromide 
and  iodide  systems  than  the  chlorides. 

The  work  reported  here  and  in  the  previous  papers  shows  that  molten 
alkali  halides  under  reducing  conditions  are  mixed  conductors  and  contain 
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a  considerable  concentration  of  electrons  that  have  mobilities  of  the  order 
of  0.1  cm2volt"^sec“^  This  has  a  noticable  effect  on  the  efficiency  of  the 
production  of  metals,  as  was  shown  in  the  case  of  cryolite.  It  must  also  be 
taken  into  consideration  in  the  design  of  molten  salt  batteries  because  self¬ 
discharge  currents  are  affected.  Other  measurements  that  could  be  affected 
include  double-layer  capacitance  and  electrode  kinetics. 
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Fig.  1;  Experimental  arrangement  used  for  cell  (I). 
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Table  1:  Results  of  Transient  Measurements  on  NaCl. 


T  =  =  0.867  14  =  38.20 

E[volts] 

D[cm^5ec 

Isteadylf^amps] 

Ue[cm^volt  ^sec 

0.650 

0.0094 

284 

.097 

0.675 

0.0093 

349 

.096 

0.700 

0.0095 

454 

.098 

0.675 

0.0095 

590 

.098 

0.675 

0.0101 

787 

.104 

T  =  WC  =  0.874  V;„  =  38.91 

E[volts] 

D[cm^sec 

hteadylf^^^P^] 

Uelcm^volt  ^sec 

0.675 

0.0120 

596 

.119 

0.700 

0.0123 

670 

.122 

0.725 

0.0123 

814 

.122 

0.750 

0.0125 

1011 

.124 

Table  2:  Results  of  Transient  Measurements  on  NaBr 


T  =  850®C  E°  =  0.774  Kn  =  45.58 

E  [volts] 

Dfcm^sec 

hteadylf^amps] 

Ue[cm^volt~^ sec 

0.450 

0.023 

483 

.242 

0.500 

0.021 

690 

.218 

0.550 

0.020 

1042 

.208 

0.600 

0.020 

1625 

.210 

T  =  900“C  =  0.777  Kn  =  46.41 

E[volts] 

D[cm^sec 

hteadylparnps] 

Ue[cm^volt  ^sec  *] 

0.450 

0.028 

789 

.277 

0.500 

0.026 

1093 

.258 

0.550 

0.023 

1551 

.231 

0.600 

0.024 

2327 

.242 
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Table  3:  Results  of  Transient  Measurements  on  NaL 


1  T  =  7250(7  =  0.897  14  =  54.50  j 

E  [volts] 

D[cm^sec  ^] 

hteadylp^amps] 

Ue[cTm?voli  ^sec  ^] 

0.676 

0.015 

.174 

0.717 

.151 

0.733 

HBUjOU 

\  733 

.151 

0.758 

.151 

0.843 

(.198) 

T  =  750OC  E^  =  0.901  V4  =  5544 

E  [volts] 

D[cm^sec  ^] 

hie^dyitiamps] 

Ue[cm^volt  ^sec  ^] 

IKSBI 

752 

.182 

863 

.136 

0.739 

1056 

.147 

0.814 

0.016 

.182 

r=  7750(7  £;o  =  0.906  Kn  =  56.i0 

E[volts] 

D[cm^sec"^] 

hteadyly-amps] 

«e[cm^i;o/<  ^sec 

742 

.166 

0.014 

1315 

.155 

1700 

.155 

besishi 

2479 

.166 

1  0.850 

(0.017) 

3270 

(0.188) 

1 

E[volts] 

D[cm^sec  ^] 

huady\parnps] 

Ue[cTn^volt  ^sec  ^] 

.162 

.173 

T  =  8500(7  £0  =  0.919  Kz  =  58.52  ] 

IBQQIfllll 

1815 

.155 

0.822  j 

3025 

.165 

T  =  9000(7  £0  =  0.928  Kn  =  59.12  H 

E[volts] 

D[cm^sec  ^] 

hteadyipamps] 

Ue[cm^volt  ^sec  ^] 

2155 

.158 
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Table  6:  Results  of  Transient  Measurements  on  KI. 


1  T  =  725"(7  =  0.983  Kn  =  69.01 

E  [volts] 

D[cm^6ec  ^] 

Eteadylfiarnps] 

Ue[cm^volt~'^  sec 

0.700 

0.016 

352 

QO 

f— ( 

0.800 

0.015 

904 

.175 

0.850 

(0.023) 

1570 

(.268) 

T  =  750“C  =  0.984  Kn  =  69.70 

E  [volts] 

D[cm^5ec  *] 

Eteadvlfiamps] 

Uelcm'^volt  ^sec 

0.750 

0.016 

780 

.182 

0.800 

(0.019) 

1271 

(.216) 

T  =  800° (7  =  0.986  Kn  =  71.12 

E[volts] 

D[cm^5ec 

EteadylM^mps] 

Ue[cm'^volt~^sec 

0.727 

0.017 

980 

.184 

0.765 

(0.020) 

1415 

(.216) 

0.785 

(0.024) 

1790 

(.260) 

T  =  S3Q^C  =  0.986  Kn  =  72.01 

E[volts] 

D[cm^sec  ^] 

Eteadylf^ampsJ 

Ue[cm^volt  ^sec 

0.712 

0.016 

1175 

.168 

0.733 

0.017 

1418 

.179 

0.759 

(0.019) 

1740 

(.200) 

0.789 

(0.026) 

2310 

(.274) 

T  =  850° C  E°  =  0.987  Kn,  =  72.61 

E[volts] 

D[cm^sec 

^steady  [/^Unips] 

Ue[crn^volt  ^sec 

0.684 

0.015 

1050 

.155 

0.708 

0.016 

1275 

.165 

0.735 

0.018 

1595 

.186 

0.755 

(0.021) 

1935 

(.217) 

T  =  885°C'  E°  =  0.988  Vm  =  73.61 

E[volts] 

D[cm^sec  ^] 

Isteadyit^amps] 

Ue[crn^volt  ^sec 

0.685 

0.016 

1295 

.162 

0.716 

0.018 

1695 

.182 

0.735 

(0.020) 

1985 

(.202) 
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Table  5:  Results  of  Transient  Measurements  on  KBr. 


T  =  780^(7  =  0.985  Vm  =  56.96 

E[volts] 

D[cm^sec“^] 

t steady  [fdttTnps] 

Ue[cm^volt  ^sec 

0.700 

0.016 

617 

.176 

0.780 

0.016 

1207 

.176 

0.800 

0.017 

1391 

.187 

T  =  SOO^'C  =  0.986  Kn  =  57.41 

E[volts] 

D[cm^sec 

hteadyl^Kimps] 

Ue[cm'^volt  ^sec 

0.730 

0.016 

962 

.173 

0.750 

0.018 

1130 

.194 

0.770 

0.016 

1291 

.173 

T  =  850''C'  =  0.987  Vm  =  58.58 

E  [volts] 

D[cm^sec 

^steady 

Ue[cTri^volt  ^sec 

0.608 

0.0170 

543 

.176 

0.750 

0.0170 

1444 

.176 

0.770 

0.0170 

1712 

.176 

Electrochemical  Society  Proceedings  Volume  96-7 


481 


Table  6:  Results  of  Transient  Measurements  on  KI. 


T  =  725“C  E°  =  0.983  14  =  69.01 

E  [volts] 

D[cm^sec  ^] 

hteadyifiamps] 

Ue[crn^volt  4ec 

0.700 

0.016 

352 

.186 

0.800 

0.015 

904 

.175 

0.850 

(0.023) 

1570 

(.268) 

T  =  750“C  =  0.984  K,  =  69.70 

E[volts] 

D[cm^sec 

Isteadylparnps] 

Ue\cm}volt  4ec 

0.750" 

0.016 

780 

.182 

0.800 

(0.019) 

1271 

(.216) 

r  =  800°(7  £;°  =  0.986  14  =  71.12 

E  [volts] 

D[cm4ec"*] 

i steady  \P'Cimps\ 

Ue[cm?volt~^  sec 

0.727 

0.017 

980 

.184 

0.765 

(0.020) 

1415 

(.216) 

0.785 

(0.024) 

1790 

(.260) 

T  =  830^(7  £“  =  0.986  Kn  =  72.01 

E[volts] 

D[cm^5ec  ^] 

hteadyil^amps] 

Ue[cm'^volt  ^sec 

0.712 

0.016 

1175 

.168 

0.733 

0.017 

1418 

.179 

0.759 

(0.019) 

1740 

(.200) 

0.789 

(0.026) 

2310 

(.274) 

T  =  850°(7  E®  =  0.987  K.  =  72.61 

E[volts] 

D[cm'^3ec  ^] 

Isteady[^^amps] 

Ue[cm^volt  ^sec 

0.684 

0.015 

1050 

.155 

0.708 

0.016 

1275 

.165 

0.735 

0.018 

1595 

.186 

0.755 

(0.021) 

1935 

(.217) 

T  =  885“C  =  0.988  14  =  73.61 

- 1 - — - 1 
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Table  7:  Number  of  Electrons  at  Different  Activities  in  KI 


r  =  725“C  =  0.983  =  69.01 

E  [volts] 

UK 

Ke[ohm  ^cm  ^] 

7ie[no./cm^] 

Ue[cm?volt~'^sec  ^] 

0.700 

0.037 

.175 

5.88  X  10'** 

.186 

0.800 

0.119 

.566 

2.02  X  10^^ 

.175 

1  T  =  750^C  =  0.984  Kn  =  69.70  t 

E[volts] 

UK 

Ke[ohm~^cm  ^] 

ne[no.lcm^\ 

Ue[cm^volt~^sec~^] 

0.750 

0.070 

.395 

1.36  X 

.182 

-  _ 1 

1  T  =  SOO^’C  =  0.986  14,  =  71.12  | 

E  [volts] 

ttK 

Kc[ohm  ^cm  ^] 

ne[no./cm^] 

Ue[cm^volt  ^sec  ^] 

0.727 

0.061 

.527 

1.79  X  lO'"" 

.184 

T  =  E^  =  0.986  K„  =  72.01 

E  [volts] 

dK 

Ke[ohm  ^cm  ^] 

ne[no.jcm^] 

Us[cm‘^volt  ^sec  ^] 

0.712 

0.056 

.550 

2.05  X  10^^ 

.168 

0.733 

0.070 

.681 

2.38  X  10'"^ 

.179 

T  =  850‘'(7  E^  =  0.987  V4  =  72.^ 

E  [volts] 

ttK 

Ke[ohm  ^cm  ^] 

ne[no.lcm^\ 

Ue[cm‘^volt  ^sec  ^] 

0.684 

0.044 

.487 

1.95  X  lO^"" 

.155 

0.708 

0.056 

.612 

2.32  X  lO^*' 

.165 

T  =  E^  =  0.988  14,  =  73.61 

E[volts] 

ttK 

Ke[ohm  ^cm  *] 

ne[no.j  cm^] 

Ue[cm^volt  ^sec  ^] 

0.685 

0.047 

.625 

2.41  X  10^^ 

.162 

0.716 

0.064 

.845 

2.90  X  lO'"" 

.182 
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APPLICATION  OF  THERMODYNAMIC  DATABASES  TO  CALCULATION  OF 
SURFACE  TENSION  OF  MOLTEN  SALT  MIXTURES 


Toshihiro  Tanaka  and  Shigeta  Hara 

Department  of  Materials  Science  and  Processing,  Faculty  of  Engineering, 
Osaka  University,  2-1  Yamadaoka,  Suita,  Osaka  565,  Japan. 


The  authors  discussed  the  application  of  thermodynamic  solution 
databases,  which  have  been  constructed  so  far  to  calculate 
thermodynamic  properties  and  phase  diagrams,  to  the  evaluation 
of  surface  tension  of  molten  salt  mixtures. 

INTRODUCTION 

Various  thermodynamic  databases  have  been  constructed  to  be  mainly  applied  to 
the  calculation  of  phase  diagrams  of  alloys,  salts  and  oxides  (1).  The  accumulation  and 
assessment  of  thermodynamic  data  and  phase  equilibrium  information  to  establish  those 
databases  is  sometimes  called  CALPHAD  (Computer  Calculation  of  Phase  Diagrams) 
approach(2),  which  has  been  recognized  to  be  useful  in  various  aspects  of  matenals 
science  and  engineering  (1,2).  If  it  would  be  possible  to  use  the  thermodynamic 
databases  to  evaluate  physical  properties  of  liquid  solutions  as  well  as  phase  equilibria, 
we  could  enlarge  not  only  the  utility  of  those  thermodynamic  databases  but  also  the 
understanding  of  the  physical  properties  of  the  liquid  solutions.  The  authors  have 
applied  the  thermodynamic  databases  to  the  evaluation  of  the  surface  tension  of  liquid 
alloys  and  molten  ionic  mixtures(3,4).  In  the  previous  work(4),  we  investigated  mainly 
the  difference  between  the  equations  for  the  surface  tension  of  liquid  alloys  and  those  of 
ionic  solutions.  In  the  present  work,  we  focus  molten  salt  mixtures,  and  discuss  the 
application  of  the  thermodynamic  database,  which  has  been  constructed  to  the 
calculation  of  phase  diagrams  of  salt  mixtures,  to  evaluate  the  surface  tension  of  the 
molten  salt  mixtures  considering  the  thermodynamic  characteristics  of  those  mixtures. 

BUTLER'S  EQUATION  FOR  SURFACE  TENSION  OF  A-B  BINARY  LIQUID 

We  use  here  the  Butler's  equation(5)  for  surface  tension  o  of  A-B  binary  liquid 
solution  as  we  have  applied  it  for  liquid  alloys  in  the  previous  work(3,4).  Butler 
derived  the  following  equation  [1]  assuming  an  equilibrium  between  a  bulk  phase  and 
a  surface  phase.  The  surface  phase  is  regarded  as  a  hypothetical  independent  phase  and 
consists  of  the  outermost  monolayer  of  the  surface  as  shown  in  Fig.l. 
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[1] 


where  R  is  the  gas  constant,  T  temperature,  (7  surface  tension  of  pure  liquid  X,  Ax 
molar  surface  area  in  a  monolayer  of  pure  liquid  X  (X=A  or  B)  .  Ax  can  be  obtained 

from  the  following  equation. 


1^1 

Nq  Avogadro  number,  Vx  molar  volume  of  pure  liquid  X.  L  in  Eq.[2]  is  set  to  be  unity 
for  molten  salts(2).  Nx^  and  iVx®  m  Eq.[l]  are  molcjractions  of  a  component  X  in  the 
surface  phase  and  the  bulk  phase,  respectively;  ^ 

energy  of  X  b  the  surface  phase  as  a  function  of  T  and  iVg^ 
excess  Gibbs  energy  of  X  in  the  bulk  phase  as  a  function  of  T  and  (X=A  or  B). 

PARTIAL  EXCESS  GIBBS  ENERGY  IN  SURFACE  PHASE 


Since  Gx^’^iTJ^B^)  ^  obtained  directly  from 

thermodynamic  databases,  we  only  need  the  additional  information  on  )  b 

the  surface  phase.  Speiser  et  al.(6,7),  Hoar  &  Melford(8),  Monma  &  Sudo(9)  and 
Kasama{10)  proposed  their  own  models  for  which  can  be  summarized  as 

follow.s(3),(4): 


Gx^’^(r,YB^)=  0  •  Gx^’^iTyN/)  [3] 

The  above  four  groups(6-10)  proposed  their  own  values  of  /S,  but  we  have 
determined  0  as  follows(3,4): 

1)  The  surface  tension  cTx  of  pure  molten  salt  X  at  its  melting  point  is  assumed  to  be 
determined  by  the  following  relation. 


=  (-Gx®)-  (-Gx4  „ 

=  (-f/x®)-  (-t^x®) 

=  AWev,  X  -  /3  *  •  AHEva,X=  (1  -  ^  ■  AffEva.X 


(4] 


where  C/x®  and  Ux^  are  binding  energies  in  the  bulk  phase  and  the  surface  phase 
respectively,  and  0  *  =Ux^  /^x®.  b  the  above  equation,  surface  entropy  terms  are 
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neglected,  and  (-17  x^)  assumed  to  be  approximately  equal  to  evaporation  energy 
A//Eva,xa^  the  melting  point  . 

2)  We  assume  the  following  relation; 

*  (=f/x^  •'  molten  salts 

=  ^  :  for  molten  salt  mixtures  [5] 

3)  The  relation  between  A^Eva for  pure  molten  salK  is  shown 

in  Fig.2.  The  values  of  (j  x  were  taken  from  the  NIST  database  (12).  We  obtained 
from  the  selected  density  of  pure  component  salts  in  the  NIST  database(12)  with  the 
molar  weights  of  cations  and  anions.  From  the  linear  relation  between  cr  x^^^  ^^Eva 

in  Fig.2  and  the  above  assumption  2),  we  have  determined  /3inEq.[3] 

to  be  0.94  for  molten  salt  mixtures.  In  our  previous  work(3,4),  we  have  determined 
the  value  of  ^  for  liquid  alloys  to  be  0.83. 

PROCEDURE  OF  CALCULATION  OF  SURFACE  TENSION  OF  SOLUTIONS 

The  surface  tension  o  of  molten  salt  mixtures  can  be  calculated  as  follows; 

<1>  Setting  T  and  A^^^of  a  solution.  <2>  Determining  the  values  for  f^xd^C  ^^d 
excess  Gibbs  energies  in  the  bulk  phase  at  the  above  T  and  and  substituting  them 
in  Eq.[l].  <3>  One  pair  between  the  two  equations  on  the  right-hand  side  of  Eq.[l] 
becomes  the  equation  with  unknown  This  equation  is  solved  for  A^r^,  and  the 

value  of  A^i3^  is  substituted  again  into  e.g.  the  fir.st  equation  of  the  right-hand  side  of 
Eq.[l]  to  calculate  the  .surface  tension  (J  on  the  left-hand  side  of  Eq.[l]. 

APPLICATION  OF  THERMODYNAMIC  DATABASES  TO  EVALUATION  OF 
SURFACE  TENSION  OF  MOLTEN  SALT  MIXTURES 

Nissen  &  Van  Domelen(13)  reported  the  thermodynamic  calculation  of  die 
surface  tension  of  some  molten  salt  mixtures  using  Guggenheim's  equation  with 
thermodynamic  interaction  parameters.  They  used  only  the  regular  solution  model  for 
thermodynamic  solutions,  and  the  interaction  parameters  were  evaluated  from  mixing 
enthalpy  data.  In  the  present  work,  we  have  used  Pelton's  thermodynamic 
database(14,15),  which  has  been  assessed  to  provide  calculation  of  thermodynamic 
properties  and  phase  diagrams  of  salt  mixtures  according  to  the  CALPHAD  approach, 
to  calculate  the  surface  tension  of  some  molten  salt  mixtures.  Common  ion  systems 
considering  of  the  following  ions  have  been  treated  here: 

Cations  :  Li+  Na+,  K*,  Rb+,  Cs-* ;  Anions  :  P,  Cl',  Br,  T,  NO,',  SO 42- 
Surface  tension  data  of  pure  component  salts,  a  x  in  Eq.[l],  were  taken  from  the  NIST 
database(12).  We  obtained  Vy-  in  Eq.[2]  from  the  selected  density  of  pure  component 
salts  in  the  NIST  database(12)  with  the  molar  weights  of  cations  and  anions.  Figure  3 
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shows  the  calculated  results  for  surface  tension  a  of  a  few  molten  salt  mixtures,  which 
have  large  negative  excess  Gibbs  energies,  using  0  =0.94,  0.83  and  3/4.  The  hatched 
zones  in  Fig.3  show  the  uncertainties  of  the  experimental  values  (13)  for  the  surface 
tension  of  molten  salt  mixtures.  The  uncertainties  have  been  determined  from  the 
scatter  of  the  experimental  values  of  (Jxfor  pure  substances  in  the  NIST  database  (12). 
As  shown  in  this  figure,  the  values  3/4  and  0.83  for  0,  which  are  adequate  for  liquid 
alloys(3,4),  are  unsuitable  for  the  calculation  of  the  surface  tension  of  some  molten  salt 
mixtures.  In  addition,  the  uncertainties  of  the  experimental  values  are  recognized  to  be 
about  ±5mNm'^  from  Fig.3.  Figure  4  shows  the  comparison  of  the  calculated  results 
obtained  from  Eqs.[l],  [2]  and  [3]  for  the  surface  tension  of  various  molten  salt 
mixtures,  of  which  excess  Gibbs  energies  are  not  so  large,  with  the  experimental  values 
stored  in  NIST  database(12).  As  can  be  seen  from  this  figure,  the  calculated  results 
agree  well  with  the  experimental  data  in  those  systems.  However,  in  .some  systems,  of 
which  excess  Gibbs  energies  are  large  as  shown  in  Fig.5,  the  composition  dependencies 
of  the  surface  tension  have  large  downward  curvatures  from  the  linearity,  as  pointed  out 
by  Goodisman(16)  and  others,  and  the  calculated  results  of  those  systems  show  the 
discrepancies  with  the  experimental  values  although  the  discrepancies  are  almost  within 
the  uncertainties  of  the  experimental  values  as  described  above.  Thus,  we  might  need 
to  revise  the  equation  for  the  excess  Gibbs  energy  in  the  surface  phase  in  Eq.[3]  for 
molten  salt  mixtures.  In  ionic  solutions,  the  interaction  between  different  ions  extends 
over  the  most  outer  monolayer  of  the  surface  because  of  their  Coulomb  s  force,  which  is 
one  of  the  long-distance  forces.  A  possible  way  to  derive  an  alternative  equation  for 
Eq.[3]  is  to  consider  a  "relaxation  layer"  between  the  surface  phase  and  the  bulk  phase 
as  shown  in  Fig,6.  The  relaxation  layer  is  considered  to  be  within  the  bulk  phase 
region,  but  to  be  influenced  by  the  surface  phase.  An  equation  can  be  proposed  as 
follows : 


Gx®-S(r.jVB®)=  0  •  16] 

In  the  above  equation,  the  first  term  in  the  right-hand  side  shows  the  contribution  of  the 
interaction  among  ions  in  the  outermost  monolayer,  and  the  .second  term  shows  the 
contribution  of  the  relaxation  layer,  i.c.,  the  effect  of  the  interaction  among  ions  in  the 
surface  phase  to  the  bulk  phase  region,  which  is  a  function  of  temperature  T  and  the 
mole  fraction  of  B  in  the  bulk  phase,  jVg®.  The  value  of  5  shows  the  fraction  of  the 
effect  of  the  relaxation  layer  to  The  chain  curves  in  Fig.5  show  the 

calculated  results  from  the  combination  of  Eqs.[l],  [2]  and  [6]  when  we  set  the  value  of 
5  to  be  0.2.  The  calculated  results  with  Eq[6]  agree  with  the  experimental  values  better 
than  those  with  Eq.[3].  There  are,  however,  still  some  binary  systems,  in  which  the 
satisfied  results  are  not  obtained  from  the  above  calculation  as  shown  in  Fig.7.  The 
experimental  values  show  the  large  downward-curvatures  of  the  composition 
dependence  of  the  surface  tension.  Consequently,  in  order  to  extend  the  above 


Electrochemical  Society  Proceedings  Volume  96-7 


487 


application  of  the  thermodynamic  databases  to  the  evaluation  of  the  surface  tension  of 
molten  salt  mixtures,  we  need  still  detail  investigations  on  the  following  subjects  : 

1)  More  precise  experimental  data  should  be  accumulated  on  the  surface  tension  of 
molten  slat  mixtures. 

2)  We  should  consider  the  characteristics  of  the  atomic  structures  near  the  surface  of 
molten  salt  mixtures  in  more  detail  to  derive  adequate  thermodynamic  models  for 
the  surface  tension  of  those  mixtures. 

3)  The  thermodynamic  data  should  be  reevaluated  based  on  more  information  about 
the  thermodynamic  data,  phase  equilibria  etc. 

CONCLUDING  REMARKS 

The  surface  tensions  of  some  molten  salt  mixtures  have  been  calculated  using  the 
thermodynamic  data,  which  have  been  taken  from  the  database  assessed  according  to 
the  CALPHAD  approach.  Furthermore,  some  relationships  between  the  excess  Gibbs 
energy  in  the  bulk  phase  and  that  in  the  surface  phase  of  molten  salt  mixtures  have  been 
discussed.  Although  we  still  have  some  problems  to  revise  the  excess  Gibbs  energy  of 
the  surface  phase  of  those  mixtures,  the  present  approach  will  enable  us  to  develop  a 
multi-functional  thermodynamic  databank  system,  which  will  be  of  wide  applicability 
in  the  evaluation  of  physico-chemical  properties  of  molten  salt  mixtures  with  the 
simultaneous  calculation  of  the  phase  equilibria  in  those  mixtures. 
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Figure  4  Calculated  results  for  surface  tension  of  molten  salt  mixtures, 

of  which  excess  Gibbs  energies  are  not  so  large,  with  experimetal  values. 
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ABSTRACT 

The  characteristics  of  a  CuCl-BPC  room-temperature  molten  salt 
electrolyte  and  the  morphology  of  the  Cu  deposits  are  strongly 
dependent  on  CuCl  content.  It  has  been  assumed  that  these  changes 
are  affected  by  the  ionic  species  in  the  melt.  Molar  fractions  of  the 
ionic  species  were  calculated  by  the  simulation  method,  and  their 
structures  computed  by  ab  initio  molecular  orbital  method.  The 
structure  deduced  from  neutron  diffraction  measurements  are 
consistent  with  the  calculated  results. 


1.  INTRODUCTION 

Copper  is  usually  electrodeposited  from  Cu(II)  ions  in  aqueous  media.  There 
are  some  advantages  in  using  CuCl-BPC  molten  salt  as  an  electrolyte.  Since  this  does 
not  include  oxygen  or  H2O,  it  is  possible  to  obtain  oxygen-free  high-purity  copper  in 
a  single  process  involving  a  one-electron  reaction.  It  was  found  that  the  morphology 
of  the  copper  deposit  depends  significantly  on  electrolyte  composition;  this  has  been 
attributed  to  changes  in  the  abundance  of  various  ionic  species  in  the  melt  with  the 
composition!  1,  2).  In  this  work,  we  try  to  analyze  the  structure  of  the  melt  an^d  study 
the  relation  between  compositional  changes  on  the  one  hand  and  electrochemical 
performance  and  structure  on  the  other. 


2.  EXPERIMENTAL  METHODS 

2.1  Physical  and  electrochemical  properties 

- Viscosity  and  conductivity  were  measured  using  a  vibroviscometer  and 

conductivity  meter,  respectively.  For  the  electrode  potential  measurements,  the  working 
electrode  was  a  99.99  %  Cu  wire  and  the  reference  electrode  was  a  99.99  %  Cu  wire 
immersed  in  66.7  mol%  CuCl-33.3  mol%  BPC  melt.  The  molten  salt  electrolytes 
were  prepared  by  mixing  predried  CuCl  and  BPC.  All  experiments  were  performed 
under  a  dry  nitrogen  atmosphere. 

2.2  Ab  initio  molecular  orbital  calculations 

Ab  initio  molecular  orbital  calculations  were  carried  out  to  determine  the 
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equilibrium  structure  and  harmonic  vibrational  frequencies.  The  polarized  split  valence 
6-3 1 IG*  basis  set  as  defined  in  the  Gaussian  94  program  (3).  The  ab  initio  calculations 
were  carried  out  at  the  Hartree-Fock  (HF)  level  using  the  Gaussian  94  program  to 
determine  the  structures  of  the  ionic  species.  To  minimize  the  CPU  time,  the  calculation 
was  first  carried  out  using  minimal  STO-3G  basis  set.  After  optimizing  the  most 
stable  structure  at  this  level,  the  HF/6-31 IG*  calculation  was  carried  out. 


2.3  Neutron  diffraction  measurements 

Measurements  were  made  on  the  Glass  Liquid  and  Amorphous  Diffractometer 
(GLAD)  instrument  at  Intense  Pulsed  Neutron  Source  (IPNS)  of  Argonne  National 
Laboratory.  Three  melt  compositions  with  44.0,  66.7,  and  71.0  mol%  CuCl  were 
selected.  Measurements  were  made  on  each  sample  and  on  an  empty  container  of  the 
same  dimensions.  For  purposes  of  instrument  calibration  and  data  normalization, 
measurements  were  also  carried  out  on  a  0.64  cm  diameter  vanadium  standard  and 
with  the  spectrometer  empty.  All  measurements  were  done  at  298  K. 

The  samples  were  prepared  by  mixing  CuCl  with  fully  deuterated  BPC  in  a  glove 
box,  where  the  H2O  and  O2  levels  were  maintained  at  less  than  2  ppm.  The  melts  were 
contained  in  a  fused  silica  tube  of  1  mm  thickness  and  3  mm  inner  diameter  which  was 
sealed  under  vacuum. 


2.4  Calculation  of  structure  factors  S(0)  from  the  ab  initio  results 

The  structure  factor,  SiQ)  of  each  ionic  species  was  calculated  as  a  function  of 
wavevector,  Q  by  substituting  the  interatomic  distances  obtained  in  the  ab  initio 
calculations  in  the  Debye  equation  [1].  The  average  5(j2)  for  each  composition  was 
then  obtained  from  a  sum  of  the  5(0’ s  of  the  ionic  isolated  species  involved  in  the 


specific  melt. 


5(0  =  1  + 


1 


n{by-  M 


Qnj 


[1] 


bj,  bj  :  Scattering  amplitudes 
n  :  Number  of  atoms  in  the  unit 
Kij  :  Interatomic  distances 


3.  RESULTS  AND  DISCUSSION 

3.1  Measurements  of  the  melt  properties 

The  viscosity  and  conductivity  as  a  function  of  CuCl  content  are  shown  in  Fig. 
1.  The  viscosity  shows  a  minimum  of  ~  8  cP  at  ~  50.0  mol%  CuCl.  The  conductivity 
exhibits  a  maximum  of  ~  35  mS-cm"'  at  ~  50  mol%.  As  stated  before,  it  has  been 
considered  that  the  characteristics  of  these  melts  are  strongly  affected  by  the  ionic 
species  present.  The  electrode  potentials  of  Cu  in  the  melts  are  shown  in  Fig.  2.  The 
Cu  potential  changes  with  the  molar  fraction  of  CuCl,  especially  around  50.0  mol%. 
This  suggests  that  the  ionic  species  in  the  melt  changes  with  the  CuCl  content.  Molar 
fractions  of  each  ionic  species  calculated  by  the  simulation  method  (4-6)  are  shown  in 
Fig.  3. 
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3.2  Ab  initio  molecular  orbital  calculations 

From  Fig  3  it  is  assumed  that  the  major  anionic  species  in  the  equimolar  melt  is 
CuCl,-,  those  in  the  66.7  mol%  melt  are  CuCl2'  and  CU3CI4-,  and  that  in  the  71.0  mol% 
melt  is  Cu3Cl4'.  The  major  cationic  species  is  the  BP^  cation  (1).  The  structures  01 
the  ionic  species  were  determined  from  ab  initio  calculations. 

1  -butvlDvridinium  cation  (BP-^).  At  the  HF/6-3 1 1 G*  level,  the  fully  optimized  cation 
has  a  structure  with  Cj  symmetry,  shown  in  Fig.  4. 

CuCU'.  This  anion  has  a  structure  at  the  HF/6-3 1 IG*  level  with  a  bond  length 
of  2.238  A,  shown  in  Fig.  5(a). 

CuoCL'  At  the  HF/6-3 1 IG*  level,  the  Cu3Cl4'  anion  has  a  C2V  structure  with  a  bent 
Cu-Cl-Cu  angle  (=132.3”)  shown  in  Fig.  5(b).  These  calculations  were  done  for  the 
closed  shell  anion,  i.e.,  the  low  spin  state. 

The  structures  of  ionic  species  in  the  melt  are  different.  For  example,  the  Cu  - 
Cl  bond  lengths  of  CUCI2'  are  2.238  A,  and  of  Cu3Ci4  are  2.21 1,  2.261,  2.293  A. 


3.3  Neutron  diffraction  c 

The  measured  structure  factors  S(Q)  for  the  three  melts  are  shown  in  Fig.  6. 
Differences  can  be  seen  in  the  peak  features  around  3  and  6  A'  ,  confirming  that  the 
abundance  of  ionic  species  change  with  CuCl  content. 


The  corresponding  pair  distribution  functions  g(r)  are  shown  in  Fig.  7.  Froin 
the  ab  initio  results,  the  peak  around  2.2  A  is  considered  to  the  Cu-Cl  pair.  With 
increasing  CuCl  content,  the  position  of  this  peak  shifts  to  larger  r.  As  shown  in  Fig. 
5  the  Cufcl  distance  is  2.238  A  for  CuCl2'  and  from  2.21 1  to  2.293  A  for  CU3CI4  as 
computed  from  the  ab  initio  calculations.  Thus,  the  major  ionic  species  in  the  melt 
appears  to  change  from  CuCl2-  to  Cu3Cl4-  with  increasing  CuCl  content.  In  addition, 
th£  peak  is  broader  in  the  66.7  mol%  CuCl  melt  than  the  others  suggesting  that  two 
ionic  species  are  present.  These  conclusions  are  supported  by  the  simulation  and  ab 
initio  results. 


Using  the  major  ionic  species  obtained  from  the  simulation  results  (Fig.  3),  we 
calculated  average  5(0’ s  for  isolated  ions  for  the  three  melts.  The  results  shown  in 
Fie.  8  exhibit  good  agreement  with  the  experimental  S(Q)  at  higher  Q  However,  the 
agreement  for  Q  below  3  A' Ms  poor,  possibly  due  to  the  fact  that  the  interactions 
between  the  cation  and  anion  are  not  properly  accounted  for.  We  are  now  calculating 
these  interactions  and  will  also  calculate  the  harmonic  vibrational  frequencies  and 
compare  the  results  with  those  derived  from  Raman  spectroscopy. 


4.  CONCLUSION 


The  physical  properties  of  the  melts,  i.e.,  viscosity,  conductivity,  electrode 
potential,  and  morphology  of  the  deposited  Cu  change  with  CuCl  content.  T^se 
changes  are  ascribed  to  changes  in  the  abundance  of  different  ionic  species,  i.e.,  CUU2 , 
and  CuXL'.  The  molar  fractions  of  these  species  were  calculated  by  the  simulation 
method,  and  the  structures  by  the  ab  initio  molecular  orbital  method.  Results  from 
neutron  diffraction  measurements  on  three  melts  with  different  CuCl  contents  were 
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presented.  The  experimental  SiQ)  and  g{r)  were  found  to  be  in  good  agreement 
compared  with  the  results  derived  from  the  simulation  and  ab  initio  calculations, 
especially  at  high  Q  when  the  interionic  interactions  can  be  neglected. 
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Viscosity  /  cP 


CuCl  /  mol% 

Fig.  1  Effect  of  CuCl  content  in  a  CuCl-BPC  melt 
on  viscosity  and  conductivity  at  90  °C. 


Fig.  2  Effect  of  CuCl  content  in  a  CuCl-BPC  melt 
on  electrode  potential  at  90  °C. 
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CuCI  /  mol% 

Fig.  3  Molar  fraction  (N)  change  of  ionic  species 
in  a  CuCl-BPC  melt  with  the  CuCl  content  at  90  °C. 

- :  CuCl2',  -  -  :  CU2C13-,  .  :  GujCl/ 

- :CuCl,  - :  BP^ 
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Fig.  5  HF/6-311G*  optimized  structures  for  anionic  species, 
(a)  CuCl2‘,  (b)  Cu^CW 


Fig.  6  Structure  factors  S(Q)  for  CuCl  melts. 


(a)  50.0  mol%CuCl-50.0  mol%BPC  melt 

(b)  66.7  mol%CuCl-33.3  mol%BPC  melt 

(c)  71.0  mol%CuCl-29.0  mol%BPC  melt 
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Fig.  7  Pair  distribution  functions  g(r)  for  CuCl  melts. 

(a)  50.0  moI%CuCl-50.0  mol%BPC  melt 

(b)  66.7  mol%CuCl-33.3  mol%BPC  melt 

(c)  71.0  mol%CuCl-29.0  mol%BPC  melt 


Fig.  8  Structure  factors  5(!2)  for  CuCl  melts. 

(a)  50.0  mol%CuCl-50.0  mol%BPC  melt 

(b)  66.7  mol%CuCl-33.3  mol%BPC  melt 

(c)  71.0  mol%CuCI-29.0  mol%BPC  melt 

□  :  experimental,  - :  Calculated 
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ABSTRACT 


Quantum  mechanics  combined  with  thermostatistical  computations  allowed  us  to 
establish  the  binary  lithium  potassium  halide  melt  dissociations.  These  latter  can  be  we 
described  taking  into  account  the  formation  both  of  simple  and  complex  ions  : 


LiX  +  2  KX 


Li+  +  2K+  +  3X-  [i] 

LiX2-  +  K2X+  [ii] 


Except  for  the  Uthium  iodide  -  potassium  iodide  molten  mixtures  -  whose  dissociations  are 
satisfactory  described  assuming  the  formation  of  simple  ions  only  (reaction  i).  The 
existence  of  the  ionic  complexes  LiXr  and  K2X+  well  explains  qualitatively  the  electncal 
conductivity  of  melts  whatever  the  melt  composition  and  temperature. 


INTRODUCTION 

Alkali  halides  binary  melts  undergo  a  dissociation  both  into  simple  cations  and 
anions  and  complex  ionic  species.  The  nature  and  concentration  of  these  last  species  are  of 
primary  importance  because  they  are  responsible  for  the  major  part  of  the  physicochemical 
behaviours  of  melts.  In  particular,  a  realistic  dissociation  model  is  crucial  for  the 
„nH.rcf»nding  Of  the  acidobasic  and  solvation  powers  of  melts.  The  great  percentage  of  free 
ions  (1)  made  possible  the  investigations  of  melt  properties  by  considering  only  simple  lon- 
ion  interactions  such  as  in  Molecular  Dynamics  studies  performed  e.g.  by  Lantelme  et  al  (2) 
and  Okada  et  al  (3-5)  which  gave  satisfactory  results  and  tendencies. 
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Applying  quantum  mechanics  to  the  study  of  molten  salt  structure  is  very  useful  to 
determine  the  existing  complexes  and  their  relative  stability,  and  hence  to  derive  complex 
dissociation  models  In  a  previous  paper  (6),  the  influence  of  the  counter-cation  M  on  the 
melt  dissociation  was  studied  for  the  particular  case  of  (Li,M)Cl  binary  melts.  The  complex 
ions  LiCl2-  and  M2CI+  were  evidenced  and  their  stabilities  and  proportions  were  computed 
as  a  function  of  melt  composition  and  temperature,  explaining  the  corresponding  variations 
of  electrical  conductivity. 

In  this  work,  the  effect  of  the  anion  on  melt  dissociation  and  electrical  conductivity 
has  been  more  deeply  investigated  in  the  case  of  (Li,  K)X  melts  (X=F,  Cl,  Br  or  I).  The 
following  procedure  was  used.  Firstly,  Molecular  Modelling  techniques  were  employed  to 
teach  the  structures  of  complex  ionic  species  the  mote  likely  to  occur  in  the  dissociatton  of 
melts.  Secondly,  the  temperature  dependence  of  complex  dissociation  of  melts  was  studied 
using  thermostatistical  computations.  Finally,  the  Fukui  functions  (7,  8)  were  applied  for 
investigating  the  reaction  mechanism  of  melt  dissociation. 


COMPUTATIONAL  PROCEDURE 

n„.n,nm  mechanics.  Calculations  were  performed  with  DMol  2.36  (9,  10)  from 
Biosym  Technologies  Inc.,  on  a  Silicon  Graphics  Iris  Indigo  R4400  workstation.  This 
software  is  based  on  the  Density  Functional  Theory  -DFT-  (11-13).  The  DNP  basis, 
similar  to  the  6-31G**  Gaussian  basis  set  (14)  which  is  very  efficient  and  able  to  deal  with 
anions  of  low  charge  (6) ,  was  used.  All  calculations  include  the  Becke-Lee- Yang-Parr 
gradient  correction  (15,  16)  at  the  Unrestricted  Hartree-Fock  (UHF)  level.  Vibrational 
frequencies  calculations  were  performed  for  all  species  because  (i)  they  allow  us  to 
determine  if  the  studied  system  corresponds  to  a  stable  complex  by  checking  if  some  of 
frequencies  are  negative  (ii)  they  are  needed  for  a  further  thermostatistical  calculation 

routine. 

ThprtnnHvnamic  data.  For  species  whose  thermodynamic  data  are  not  at  our 
disposal  in  usual  thermodynamics  tables,  we  used  thermostatistical  computations  using  our 
DFT  results  (6,  17,  18)  in  order  to  reach  them  as  previously  described  in  reference 
(6).Available  thermodynamic  data,  were  taken  in  references  (19,  20). 


Electrochemical  Society  Proceedings  Volume  96-7 


501 


RESULTS  AND  DISCUSSION 


ni<s<;ociation  model 

Conformational  and  energetic  data  for  lithium  and  potassium  halide  species  were 
obtained.  Table  I  summarizes  the  stable  and  unstable  isolated  species  (vacuunr)  at  O  K. 
must  be  pointed  out  that  is  not  stable  contrary  to  its  homologues  with  other  halides 
This  is  an  important  result,  because  if  M2CI+  is  involved  in  the  melt  dissociation  scheme  0 
(Li  M)C1  melts  (6) ,  K2I+  cannot  intervene  in  the  dissociation  of  LiI-KI  melts.  In  every 
cask  conformational  analysis  i.e.  geometrical  optimization  of  greater  ionic  assemblies  such 
as  MX43-  (M=Li  or  K)  demonstrated  that  the  stable  systems  are  indeed  MX3  '  +  X 
(expulsion  of  one  chlorine).  With  an  analogous  procedure,  we  found  that  MiM  3-i  3 
(M,M'  =Li  or  K ;  i=0,...,3)  systems  are  combinations  of  smaller  ones. 

Using  the  total  energies  obtained  with  DMol,  we  are  able  to  compute  chemical 
reaction  energies,  AUo,  that  can  occurs  between  species.  Results  collected  in  Table  11  show 
that  the  following  reaction  involving  complex  ionic  species  : 


LiX  +  2  KX 


LiX2-  +  K2X+ 


[1] 


has  the  lowest  energy  among  all  the  melt  dissociation  reaction  schemes  considere  .  1 
equilibrium  is  similar  to  the  one  we  found  in  reference  (6)  for  the  (Li.  M)C1  series  (  1, 

Na,  K  or  Rb).  In  the  case  of  Lil-KI  mixtures,  because  of  the  non  existence  of  K2I  the 

reaction  to  be  considered  is  : 


Lil  + 


Lib-  +  K+ 


r21 


with  a  much  lower  extent.  Giving  the  high  positive  value  for  AUo  of  reaction  [2],  the 
dissociation  of  iodide  binary  melts  is  practically  well  described  by  considering  only  t  e 
simple  ions  Li+,  K"''  and  I'. 

On  the  contrary,  for  the  other  binary  melts  reaction  [1]  has  to  be  considered.  The 
effect  of  temperature  has  hence  to  be  taken  into  account.  As  AUo  is  quite  small  for  reaction 
[1]  the  entropic  part,  TASp  of  the  reaction  free  enthalpy,  AGo,  has  to  be  considered.  ASp 
has’  been  estimated  with  statistical  techniques.  Results  are  shown  in  table  III.  Knowing 
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AGt  allows  us  to  compute  the  percentage  of  lithium  complexed  following  the  scheme  of 
reaction  [1]  as  a  function  of  both  temperature  and  melt  composition  solving  the  equation  : 


4^^  + 


(  AG-p 

\ 


+(4xkx  -3xkX^)^  +  ^KX^(xkX  ”1)-0 


[3] 


Where  ^  is  the  degree  of  advancement  of  reaction  [1].  The  percentage  of  complexed  lithium 
is  then  given  by  : 

%  complexed  Li  =  - — ^ — xlOO 
1-XKX 


Results  are  given  in  Fig  1,  One  can  see  that  lithium  complexation  decreases  from 
fluorine  to  bromine  and  becomes  very  small  in  the  case  of  LiBr-KBr.  In  a  similar  way,  the 
temperature  influence  is  getting  more  important  from  fluorine  to  bromine,  for  a  given  melt 

composition. 


rnnsitencv  of  our  model. 

The  experimental  electrical  conductance  values  for  (Li,  K)F,  (Li,  K)C1  and  (Li,  K)I 
mixtures  at  various  compositions  and  temperatures  (after  (21))  can  be  correlated  to  our 
model  of  melt  dissociation.  We  know  that  when  Ak  (AK=[(K-Kideal)/K]xlOO,  with  k 
standing  for  the  electrical  conductance),  is  very  negative,  ionic  complexes  are  present  in 
melts  (22).  In  fact,  for  (Li,  K)F  and  (Li,  K)C1  melts,  we  can  see  in  Fig.  2  that  Ak  is  highly 
negative  (presence  of  LiXz'  and  K2X+),  but  not  for  (Li,  K)I  melts  (presence  of  Li+,  K+ 
and  I-  only).  This  is  in  agreement  with  the  results  we  found,  as  reaction  [1]  cannot  occurs 
in  Lil-KI  mixtures. 

Going  further,  we  have  ploted  in  Fig. 3  the  calculated  total  percentage  of 
complexes ; 

Total  %  complexes  =2^  X 100  ^5] 

as  a  function  of  melt  composition  and  temperature.  We  notice  that  an  increase  of  the  mole 
fraction  of  KX,  xkx.  increases  the  number  of  ionic  complexes,  this  is  in  good  agreement 
with  the  corresponding  experimental  decrease  of  Ak.  Moreover,  we  observe  in  Fig.3  that 
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the  maximum  for  the  calculated  number  of  complexes  occurs  when  the  experimental  value 
of  Ak  is  minimum.  After  that,  the  number  of  ionic  complexes  becomes  smaller  when  xkx 
still  increases  and  simultaneously  Ak  raises.  This  observed  correlation  between 
experimental  AK  and  calculated  percentage  of  ionic  complexes  remains  true  whatever  the 

temperature. 

Reaction  mechanism. 

DFT  calculation  results  such  as  electronic  density  maps  and  Fukui  functions  (7), 
allows  more  insight  in  the  reactivity  of  the  species  involved  in  reaction  [I].  Electronic 
density  maps  (see  Fig.  4)  show  that  LiX  is  more  covalent  than  KX  and  thus  KX  will  be 
able  to  give  X'  anion  more  easily  than  LiX.  When  the  size  of  X  increases,  the  difference 
between  Lit  and  KI  is  less  pronounced  than  for  LiF  and  KF. 

We  have  also  computed  the  Fukui  functions  f+  and  f'  for  nucleophilic  and 
electrophilic  attacks.  In  fact  the  maxima  of  these  Fukui  functions  enable  us  to  determine  the 
priviliged  sites  of  attack  (23).  The  following  relations  (7,  8)  were  used  for  calculating 
these  two  functions : 

fnr)  =  |'FLUMof  r(T)-l'FHOMOp  [4] 

In  every  case,  the  maximum  of  f+  is  located  on  Li  or  K  and  the  maximum  of  f  on  X 
as  expected  because  a  nucleophilic  attack  cannot  occur  on  the  X  atom  as  well  as  an 
electrophilic  attack  on  Li  or  K.  Results  (see  Table  IV)  show  that  in  LiX-KX  melts,  the 
nucleophilic  attack  occurs  on  the  lithium  of  LiX  and  the  electrophilic  attack  on  the  halide  of 
KX.  These  results  suggest  the  following  two  step  mechanism : 

LiX  +  KX  LiX2-  +  K+ 

KX  +  K+  K2X+ 


CONCLUSION 

Use  of  quantum  mechanics  combined  with  thermostatistical  computations  enable  us 
to  clarify  the  reaction  mechanisms  of  binary  alkali  halide  melt  dissociations.  Except  for  the 
lithium  iodide  -  potassium  iodide  molten  mixtures  -  whose  dissociations  are  satisfactory 
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described  assuming  the  formation  of  simple  ions  only  -  we  have  to  consider  complex  ionic 
species  to  account  for  the  dissociation  reactions  of  the  other  alkali  halide  mixtures.  These 
complex  species  are  essentially  LiX^  and  K2X+  .  The  existence  of  these  ionic  complexes 
well  explains  qualitatively  the  electrical  conductivity  of  melts  whatever  the  melt  composition 
and  temperature.  NMR  studies  are  currently  in  progress  for  experimentally  evidencing 
these  ionic  complexes  at  the  microscopic  scale  [26]. 
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TABLES  AND  FIGURES 


Table  I :  Stability 


components.  Y  means  stable  and  N  not  stable 


Electrochemical  Society  Proceedings  Volume  96-7 


506 


Reaction 


AUq  (kJ.moi-^) 


X=F 

X=C1 

X=Br 

X=I 

Li+  +  X-  <^LiX 

-827.34 

-663.14 

-642.19 

-594.93 

LiX  +  X-  LiX2’ 

-328,75 

-245.45 

-234.08 

-451.72 

LiX  +  Li+  Li2X+ 

-280.39 

-206.98 

LiX2-  +  X-  LiXs^- 

259.64 

224.30 

213.27 

199.05 

2LiX  Li2X2 

-245.54 

-197.49 

-185.53 

-170.22 

Li'*'  +  LiX2'  Li2X2 

-744.12 

-615.18 

-593.64 

-556.52 

Li2X+  +  X-  Li2X2 

-792.49 

-653.65 

3LiXo  LiX2“  +  Li2X‘'' 

218.20 

210.72 

2LiX<^  LiX2'  +  Li+ 

498.59 

417.69 

408.11 

398.59 

2  LiX  X  -  +  Li2X+ 

546.95 

456.16 

K+  +  X-  -f->KX 

-623.20 

-502.24 

-486.28 

-451.72 

KX  +  X--^KX2- 

-210.62 

-180.92 

-174.80 

-162.55 

KX  +  K+  K2X+ 

-221.10 

-177.95 

-167.05 

KX2-  +  X'<->KX32- 

171.48 

149.10 

143.22 

143.22 

2KX  <->  K2X2 

-194.44 

-166.66 

-159.38 

K+  +  KX2-  K2X2 

-607.02 

-487.98 

-470.86 

K2X+  +  X-<^K2X2 

-596.54 

-490.94 

-478.62 

3KX^  KX2-  +  K2X+ 

191,48 

143.37 

144.43 

2KX<->  KX2'  +  K+ 

412.58 

321.32 

311.48 

289.17 

2  KX  X  -  +  K2X+ 

402.10 

324.28 

319.24 

LiX  +  2KX  LiX2'  +  K2X  + 

73.35 

78.84 

85.16 

LiX  +  2  KX  KX2-  +  LiKX+ 

250.24 

198.55 

2LiX  +  KX<->  KX2-  +  Li2X+ 

336.34 

275.25 

O': 

2LiX  +  KX  <->  LiX2'  +  LiKX"'" 

132.10 

134.02 

LiX  +  KXo  LiX2‘  +  K+ 

294.44 

256.79 

252.21 

243.09 

LiX  +  KX<->  KX2-  +  Li+ 

616.73 

482.22 

467.38 

432.38 

LiX2*  +K+  LiKX2 

-533.19 

-449.69 

-434.90 

-410.11 

KX2;  +Li+  LiKX2 

-855.47 

-675.13 

-650.07 

-599.41 

Table  n ;  Total  energy  differences,  AUq,  for  reactions  that  can  occur  with  the  cornputed 
species.  A  gray  pattern  indicates  that  the  reaction  is  not  possible  due  to  the  unstability  of 
one  or  more  species  involved 
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Figure  1  :  3D  graph  of  the  complexation  of  LiX-KX  (a)  X=F  (b)  X-CI,  and  (c)  X-Br  a 
function  of  temperature  and  melt  composition.  Temperature  range  follow  phase  diagrams 

(24,  25) 
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Fieure  2  •  Relative  gap  from  ideality  for  the  electrical  conductance  of  molten  (a)  LiF-KF, 
^  ■  (b)  LiCl-KCl  and  (c)  Lil-KI.  (after  (21)) 


Figure  3  :  Total  percentage  of  complexes  according  to  reaction  (1)  for  LiF-KF  and 

LiCl-KCl 


Electrochemical  Society  Proceedings  Volume  96-7 


509 


bO  O 


4  •  electronic  density  maps  for  LiX  and  KX  families.  Contour  values  from  border  to 
e  are  0.007,  0,035, 0.07, 0.35, 0.7  and  3.5  electron.A'S,  The  drawing  scale  is  the 
same  for  all  molecules 


Molecule 

f-(r) 

!  ^(r) 

LiF 

5.35  10-1 

!  7.79  10-2 

KF 

6.51  10-1 

1  1.93  10-2 

KCl 

8.11  10-2 

3.77  10-2 

LiCl 

6.8  10-2 

9.14  10-2 

LiBr 

7.70  10-2 

2.94  10-2 

KBr 

8.32  10-2 

1.24  10-2 

Table  IV  :  Fukui  fiinctions  maxima  in  Ha.Bohr-3 
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ANOMALOUS  BEHAVIOR  OF  AG(I)  AND  TL(I)  IONS 
IN  MOBILITIES  OF  MOLTEN  NITRATES 


Isao  Okada  and  Pao-hwa  Chou 
Department  of  Electronic  Chemistry, 

Tokyo  Institute  of  Technology 
Nagatsuta  4259,  Midori-ku,  Yokohama  226,  Japan 

The  data  on  internal  cation  mobilities,  u,  in  the  molten  binary 
nitrate  systems  (M,  Ag)N03  and  (M,  Tl^NO,  (M=alkali  metal 
ion)  determined  by  Klemm's  countercurrent  electromigration 
method  are  reexamined.  In  binary  alkali  nitrates  u  is 
well  expressed  by  an  empirical  equation 
u=i^A/(y„-Vg)yexp(-E/RT)y  where  is  the  molar  volume; 
A,  Vg  and  E  are  constants  nearly  independent  of  coexisting 
cations-  If  Ag*  is  contained,  the  of  coexisting  cations  M 
negatively  deviates  from  such  an  equation,  and,  on  the 
contrary,  if  TC  is  contained,  the  positively  deviates. 
Thus,  Ag*  and  Tl""  having  relatively  high  polarizabilities 
have  the  opposite  effects  on  that  is  tranquUization  effect 
and  agitation  effect,  respectively.  The  reason  has  been 
interpreted  in  terms  of  the  high  polarizabilities  and  the 
difference  in  the  sizes  of  Ag"^  and  Tl^ 


INTRODUCTION 

Since  molten  alkali  nitrates  have  relatively  low  melting  points,  these  are  suitable 
media  for  experiments  for  a  better  understanding  of  the  mechanism  of  ionic 
conductance  in  molten  salts.  As  for  the  mechanism  of  ionic  mobility,  binary 
systems  with  a  common  anion  supply  us  with  more  information  than  pure  salts  do, 
because  mobilities  of  two  cations  can  be  compared  under  the  same  conditions. 

We  have  so  far  measured  the  internal  mobilities,  u,  in  molten  binary  alkali 
nitrates  by  countercurrent  electromigration,  and  found  that  of  cations  Ml  such 
as  Li,  Na  and  K  are  well  expressed  by  an  empirical  equation  (1): 

u^^={AKV^.V„)}^xp(-E/R^)  ,  [1] 

where  is  the  molar  volume  of  the  mixture,  and  A,  Vg  and  E  are  constants 
characteristic  of  Ml  and  nearly  independent  of  coexisting  cations. 

More  than  30  years  ago  Blander(2)  proposed  to  compare  the  differences  in  the 
properties  of  Ag"^  and  TE  ions  from  those  of  Na*  and  Rb*  for  separating  the  physical 
properties  in  molten  salts  related  to  the  relatively  high  polarizabilities.  However, 
the  role  of  polarizabilities  for  transport  phenomena  such  as  mobilities  and  diffusion 
coefficients  has  not  explicitly  been  clarified  yet.  Thus,  in  the  present  work  we  have 
systematically  reexamined  the  feature  of  cation  internal  mobilities  in  molten  binary 
nitrate  mixtures  when  Ag*  or  Tl*  having  high  polarizabilities  is  contained  as  one  of 
the  binary  cations. 
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EXPERIMENTAL 


In  molten  binary  nitrates  (Ml,  M2)N03  [Ml=alkali  metai  ion,  M2=Ag  or  Tl] 
countercurrent  electro  migration  presented  by  Klemm  (3)  was  performed  to  obtain  the 
relative  differences  in  internal  mobilities  of  Ml  and  M2 

f  +  x^u^yn)  y 

where  x,  is  the  mole  fraction  of  i.  The  experimental  detaUs  were  previously 
described  (4). 

From  the  £  values  and  the  data  available  on  densities  and  electric  conductivities, 
the  internal  mobilities  were  calculated  by 

K  Vm  /F)(l  E  )  ,  [4] 

where  K  is  the  electric  conductivity,  V„  the  molar  volume,  and  F  the  Faraday 
constant. 

RESULTS 

Detailed  results  on  the  internal  mobilities  in  the  binary  systems  (Ag,  M)N03 
and  (TI,  M)N03  (M=alkali  metal  ion)  measured  by  Klemm's  countercurrent 
electromigration  method  have  been  given  elsewhere  (see  Table  1). 

Table  1.  References  where  the  internal  mobilities  in  (Ml,  M2)N03  are  given. 


\  Ml 

Li 

Na 

K 

Rb 

Cs 

M2\ 

Ag 

(5) 

(4) 

(5) 

(6) 

(6) 

Tl 

(7) 

(8) 

(9) 

(7) 

(9) 

Internal  mobilities  in  the  molten  system  (Ag,  T1)N03  have  also  been  measured 

(10). 

The  isotherms  of  internal  cation  mobilities  in  (Ag,  M)N03  and  (Tl,  M)N03  are 
shown  in  Figs.  1  and  2,  respectively  . 


DISCUSSION 

In  Table  2  some  fundamental  properties  of  alkali  metal,  Ag(I)  and  Tl(I)  ions 
and  their  nitrate  melts  are  given. 

In  Table  3  a  comparison  of  u,,,  and  in  (Ml,  M2)N03  is  given,  which  is 
seen  from  Figs.  1  and  2. 
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Table  2.  Some  fundamental  properties  of  alkali  metal,  Ag(I)  and  T1(I)  ions  and 
their  nitrate  melts. 


LiNOa 

NaN03 

.  KNO3 

RbN03 

CSNO3 

AgNOj 

TlNOj 

Cation 

ionic  radius  *  (11) 

59(IV)  102{VI)  138(V1)  152(VI)  167 (VI)  115(VI)  ISO(VI) 

(pm) 
ionic  mass 
(g  mol'*) 

6.941 

22.98 

39.09 

85.46 

132.9 

107.8 

204.3 

polarizability  (2) 

(10  '“’  m") 

0.030 

0.182 

0.844 

1.42 

2.45 

1.72 

3.50 

polarizabOity/ionic  radius^ 
Nitrate 

0.146 

0.172 

0.321 

0.404 

0.526 

1.13 

1.04 

melting  point 

CC) 

molar  volume  at  3S0  “C 
(10''m'’mor*) 

261 

308 

333 

316 

414 

212 

206 

39.64 

44.95 

54.24 

59.34 

67.48** 

44.49 

57.28 

*  The  roman  numerals  in  the  parentheses  indicate  coordination  numbers  for  which 
the  ionic  radii  are  given  here, 

**  The  value  under  the  melting  point  is  the  extrapolated  value  with  respect  to 
temperature. 

Table  3.  A  comparison  of  and  Uvi2  ^  (Ml,  M2)N03. 


\^M1 

M2^\ 

Li 

Na 

K 

Rb 

Cs 

Ag 

^Ag  >  “mi 

T1 

Chemla 

effect 

Chemla 

effect 

u-n  >  “k 

“-n>“Rb 

Table  4.  An  effect  on 

caused  by  M2  in  (Ml,  M2)N03  melts. 

Ml  Li 

M2\^ 

Na  K  Rb 

Cs 

Ag  no  effect 

tranquilization  effect 

Tl 

agitation  effect 

(ML  Ag^NO^  mixtures 

Internal  mobility  of  Ag*.  u.^  In  (Ml,  Ag)N03,  is  greater  than  under 
all  the  experimental  conditions. 

We  have  previously  found  that  internal  mobilities  are  strongly  related  with 
separating  motion  of  neighboring  cation  and  anion  called  the  self-exchange  velocity 
(SEV)  (12),  which  can  be  calculated  by  molecular  dynamics  simulation  (MD).  For 
molten  AgNOj  MD  has  not  been  performed  yet.  However,  the  SEV  may  be 
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considered  in  terms  of  the  potential  profiles.  The  separating  motion  of  a  cation  of 
interest  (Ag;  C  in  Fig.  3)  from  the  referenced  anion  (NO3;  A  in  Fig.  3)  may  be 
classified  in  three  stages  as  shown  in  Fig.  3: 

(1)  another  anion  (NO3;  B)  reaches  the  cation,  j  .  •  /x>n 

(2)  the  cation(C)  moves  away  from  the  referenced  anion(A)  toward  the  anion  (B), 
as  the  potential  barrier  becomes  low  enough  compared  with  the  kinetic  energy,  and 

(3)  the  cation(C)  moves  away  together  with  the  other  anion  (B)  from  the  referenced 
anion(A). 

As  the  potentials  for  AgN03  are  not  available,  Ag-CI  potentials  (13)  are  used 
here,  which  may  be  sufficient  for  the  present  qualitative  discussion.  The  potential 
profiles  are  considered  for  ions  arranged,  for  simplicity,  in  one  dimension.  In 
Fig.  4  the  potential  felt  by  Ag"  colUnearly  located  between  two  Cl  is  shown.  This 
is  obtained  by  superposition  of  the  two  pair  potentials.  The  shape  of  the  potential 
depends  also  on  the  distance  between  the  two  anions.  The  potential  without  the 
dispersion  term  is  also  shown  here,  which  resembles  that  for  Na  to  some  extent. 
When  the  dispersion  term,  which  is  caused  by  the  polarizability,  is  included,  the 
flat  region  of  the  potential  well  becomes  wider,  and  therefore  the  SEV  of  Ag  wiU 
become  large.  The  flat  region  for  Ag"  on  varying  the  distance  ^tween  the  two 
anions  may  be  wider  than  that  for  other  cations  such  as  Li  ,  Na  and  K  .  ihis  may 
be  the  reason  why  the  internal  mobiUty  of  Ag"  is  greater  than  that  of  any  other 
cations. 


The  internal  mobilities  of  Ag"  in  (Ag,  M2)N03  as  a  function  of  molar  volume 
are  shown  in  Fig.  5.  Figure  5  reveals  that  «  is  'veil  expressed  by  such  an 
equation  as  Eq.  (1)  with  the  parameters;  A=7.01xl0  m  V  s  mol  , 
=(49.05-0.048(r/K))xl0'*  m^moF  and  £=19.86  kj  mol  .  Thus,  is  not  affected 
by  the  kind  of  Ml  except  for  Li"  and  Tl".  The  former  is  due  to  the  free  space  effect, 
and  the  latter  is  attributed  to  the  agitation  effect,  which  will  be  discussed  later. 


Internal  mobility  of  Ml.  o...  As  seen  from  Table  2,  the  molar  volume  of  Ag^N03 
is  slightly  smaUer  than  that  of  NaN03,  whereas  the  ionic  radius  of 
considerably  greater  than  that  of  Na".  This  suggests  that  the  distances  of  Ag  -NO3 
and  Ag"-Ag"  become  smaller  owing  to  the  high  polarizability. 


In  Figs.  6,  7  and  8,  and  as  a  function  of  the  molar  volume  are 

shown,  respectively.  The  and  in  the  mixtures  with  AgN03  slightly  but 
appreciably  deviate  negatively.  The  and  also  show  a  siimlar  tendency. 
These  are  ascribed  to  the  tranquilization  effect  caused  by  Ag  .  If  a  cation  (C,) 
shown  by  a  dotted  circule  in  Fig-  3  strongly  interacts  with  anion  B,  the  motion  ot 
anion  B  will  be  retarded,  which  will  tranquiUze  the  SEV  of  cation  C  from  anion  A. 
This  tranquilization  effect  is  caused  by  the  strong  interaction  of  Ag  -NO3  due  to  the 
high  polarizabiUty  of  Ag".  On  the  other  hand,  as  shown  in  the  inset  of  Fig.  6, 
in  the  mixture  system  (Li,  Ag)N03  Ues  on  the  empirical  equation  at  higher  mo  ar 
volume,  that  is  at  high  concentration  of  Ag",  but  deviates  negatively  at  low  molar 
volume. 


The  reason  that  Ag"  does  not  play  the  role  of  a  tranquilizer  for  Mli 
Ag)N03  is  explained  as  follows:  the  potential  profile  felt  by  anion^B  from  cation  C 
and  cation  C,  is  shown  in  Fig.  9  for  the  case  B  as  Cl  ,  C  as  Li  and  C,  as  Ag  . 
Here,  the  potential  of  CF  is  adopted  for  anion  B  instead  of  NO3  ;  for  Li  -Cl  pair 
potential,  the  one  presented  by  Tosi  and  Fumi  (14)  is  used.  Since  the  interaction  of 
Li"-anion  is  stronger  than  that  of  Ag"-anion,  Ag"  does  not  play  a  role  of  a 
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tranquilizer  for  u^^. 

Incidentally,  the  negative  deviation  at  high  concentration  of  may  be  attributed 
to  the  free  space  effect  caused  by  the  restricted  rotational  motion  of  NO3'  due  to  the 
small  free  space.  The  fact  that,  while  in  pure  LiCl  is  considerably  greater  than 

in  pure  NaCl,  LiN03  is  nearly  equal  to  in  pure  NaNOj  will 

support  this  assumption;  “n«  LiNOj  and  NaNO,  are  5.414x10 

mV"s*^  and  5.427x10'®  m^V'^s'%  respectively,  at  623  K,  and  u^i  and  «n.  pure 
LiCl  and  NaCl  are  20.53x10'®  m^V'^s'^  and  14.15x10'*  m^'V'^s'S  respectively,  at 
1083  K. 

(Ml.  THNO,  Mixtures 

Internal  mobility  of  T\\  In  (Li,  T1)N03  and  (Na,  T1)N03  the  Chemla  effect 
(1)  occurs,  that  is  the  isotherms  of  the  mobilities  of  the  two  cations  have  a  crossing 
point. 

It  is  interesting  to  note  that  in  (K,  T1)N03  is  greater  than  whereas  the 
ionic  radius  of  Tl*  is  greater  than  K^-  This  may  be  accounted  for  on  the  assumption 
that  due  to  the  high  polarizability  of  TL  the  accessible  distance  of  Tl^-Tr  is  shorter 
than  that  of  IC-K*,  even  if  the  distance  between  nuclei  is  slightly  greater  for  the 
former  than  for  the  latter.  This  feature  is  schematically  shown  in  Fig.  10.  The 
T1'^-N03'  distance  is  also  considered  to  become  shorter  owing  to  the  high 
polarizability  than  that  in  a  hypothetical  case  of  its  lower  polarizability.  The  NOg' 
neighboring  to  TL  more  favorably  moves  away  than  that  neighboring  to  K*  does. 
Thus,  internal  mobility  of  Tl"^  is  greater  than  that  of  K^.  In  Fig.  11  the  radial 
distribution  functions  (15)  for  molten  KNO3  and  TINO3  obtained  by  X-ray^ 
diffraction  are  shown.  Although  the  peak  around  460  pm  assignable  to  TI  -T1 
correlation  seems  to  be  slightly  more  distant  than  that  assignable  to  the  sum  of 
K*-K*  and  O'-O*  interactions,  the  former  is  tailed  toward  shorter  distance  than  the 
latter.  Further,  the  assumption  that  the  motion  of  NO3'  is  vigorous  in  the  systems 
containing  TF  may  be  also  supported  by  the  finding  that  the  external  transport 
number  of  NOj'  in  pure  TINO3  is  relatively  large  (0.69  at  220  'C(16)). 

Since  the  ionic  radii  of  Rb"^  and  Cs*  are  greater  than  that  of  K%  Uti  naturally 
expected  to  be  greater  than  or  “cs- 

In  Fig.  12  u^,  as  a  function  of  molar  volume  is  shown,  as  compared  with  Urj,- 
The  cannot  be  expressed  by  such  an  equation  as  Eq.  (1).  The  most  positively 
deviates  from  Ur^  at  pure  TINO3.  This  means  that  a  function  not  only  of  the 

molar  volume  but  also  of  the  concentration  of  TF.  Figure  10  suggests  that  NO3 
neighboring  to  TF  favorably  moves  away  toward  another  NO3. 

Internal  mobility  of  Ml.  As  partly  shown  in  Figs.  6,  7  and  8  ,  the  internal 

mobilities  of  all  alkali  metal  ions  and  Ag*  deviate  positively  in  the  presence  of  TF. 
In  general,  upward  deviations  may  be  explained  in  terms  of  the  agitation  effect  (1). 
This  means  that  TF  has  an  agitation  effect  on  the  internal  mobilities  of  these  cations. 
The  reason  why  TF  having  a  large  mass  and  a  relatively  large  ionic  radius  has  an 
agitation  effect  is  explained  as  follows.  As  explained  above  by  using  Fig.  10,  the 
motion  of  NO3'  becomes  more  vigorous,  and  therefore  «3,j  also  becomes  large. 

Comparison  of  the  behavior  of  Ag*  and  TF 

It  is  noteworthy  that,  while  Ag"^  and  TF  have  high  polarizabilities,  these  ions 
have  the  opposite  effects  on  the  internal  mobilities  of  coexisting  cations.  As 
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mentioned  above,  Ag^  has  a  tranquilization  effect  except  for  the  case  of  (Li, 
Ag)N03,  whereas  Tr  has  an  agitation  effect. 

The  ionic  radius  of  Ag"  is  smaller  than  that  of  11%  and  therefore  the  coulombic 
interaction  of  Ag"  with  NO3-  is  considerably  stronger  than  that  of  T1  with  NO  . 
Thus  the  motion  of  N03'  is  restricted,  which  causes  the  tranquilization  effect  on  the 
mobilities  of  coexisting  cations.  Whether  the  restriction  involves  the  rotational 
motion  of  NO3-  or  not  could  be  examined  by  comparing  the  behavior  with  that  in 
chloride  systems. 

CONCLUSION 

Although  Ag"  and  TU  have  large  polarizabilities,  these  ions  have  the  opposite 
effects  on  the  internal  mobilities  of  coexisting  alkali  ions;  that  is  the  tranquilization 
effect  caused  by  Ag""  and  the  agitation  effect  by  T1  .  The  tranquilization  effect  may 
be  caused  by  the  strong  attraction  of  Ag"-  NO3-  and  the  agitation  effect  by  the  small 
repulsion  of  TU-TU  and  approach  of  TU-NO/and  hence  the  more  active  motion  of 

N03'. 

The  high  polarizabilities  of  Ag"  and  TU  make  the  internal  mobilities  of  these 
ions  themselves  larger  than  expected  for  a  hypothetical  case 
polarizabilities.  However,  the  mechanism  for  enhancing  and  seems  to  b 
different  in  these  two  cases  owing  to  the  difference  in  the  ‘omc  sizes  The  h  gh 
polarizabilities  have  quite  different  effects  on  the  internal  mobilities  of  coexisting 
cations.  This  difference  is  also  caused  by  the  ionic  radn  of  these  ions. 

The  present  explanation  needs  to  be  substantiated  by  molecular  dynamics 
simulation. 
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A  C 


B  Ct 


Fig.  3.  Three  stages  for 
leaving  of  cation  C  from  the 
referenced  anion  A.  B  is  the 
anion  of  the  same  kind  with  .A: 
C,  is  a  tranquilizer  ion. 


Fig.  The  potential  felt 
by  .\g’  collinearly  located 
between  two  C!  ions 
separated  by  600  pm.  1  he 
dotted  line  is  for  a 
hypothetical  case  without 
the  dispersion  term.  The 
magnitude  of  the  kinetic- 
energy  (1  2)kT  at  1  =  1000 
K  is  shown  for 
comparison. 
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Fig.  7.  Internal  mobilities 
of  Na*  in  (Na,  M2)N03  at 
623  K  as  a  function  of  the 
molar  volume.  The  dashed 
line  is  dravi'n  according  to 
Eq.(l)  with  the  parameters: 
4=6.60xl0”m*V's'*mor', 
l/„  =  (43.21-0.028{r  IK))  x 
10  ^m^mol  '  and  £  =  21.31  kj 
mol'd). 


/  1  O’^m^mot 


Fig.  8.  Internal  mobilities 
of  r  in  (K,  M2)N03  at  623 
K  as  a  function  of  the  molar 
volume.  The  dashed  line  is 
drawn  according  to  Eq. (1) 
with  the  parameters; 
4=3.95xl0"m*V's‘'mor', 
I/(,  =  22.  Ixl0'‘m'mor'  and 
£=18.00  kJ  mol  'd). 
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Fig.  9.  Potential  profile  felt 
by  Cr  coliinearly  located 
between  two  different 
cations  Li*  and  Ag*. 


Separating  motion  of  NO"  from  K 


The  shortest  accessible  distance  between  two  cations: 
+  +  +  +  +  + 

TI-TI  <  K-TI  <  K-K 


Fig.  10.  Schematic  representation  of  separating  motion  of  NO3  from 
the  referenced  Tl*  or  K*  ion. 
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Fig.  11.  X-ray  weighted  radial  distribution  functions  of  KNO3  at  653  K 
and  TINO3  at  503  K  (15). 


Fig.  12.  Internal  mobilities 
of  Tl*  in  (M,  TDNOj  as  a 
function  of  the  molar 
volume  as  compared  with 
those  of  Rb*. 
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Abstract 

Two  strategies  have  been  proposed  to  measure  Raman  spectroscopy  of 
corrosive  melts  via  fiberoptic  instrumentation.  The  protective  sheath  approach 
requires  a  certain  window  for  the  all-silica  fiberoptic  probe  we  developed 
previously.  Addition  of  the  window  will  give  rise  to  large  silica  background 
signals  in  Stokes  Raman  spectra  recorded  via  this  kind  of  probe.  However, 
minimum  silica  signals  are  found  in  Anti-Stokes  Raman  spectra  measured  with 
the  windowed  probe.  The  second  strategy  involves  the  use  of  Dilor  fiberoptic 
super  head.  The  application  of  this  system  in  obtaining  molten  carbonates  has 
been  demonstrated. 


INTRODUCTION 

Measurements  of  Laser  Raman  spectroscopy  using  optical  fibers  have  recently 
become  an  active  area  of  study.  The  technique  requires  minimum  alignment  of  samples 
with  respect  to  an  input  laser  beam  or  collection  optics,  and  the  sample  may  be  located 
some  distance  from  the  spectrometer  in  a  hostile  environment.  Most  fiberoptic  probes 
employed  for  such  spectroscopic  measurements  have  been  constructed  by  sealing  the 
collecting  fibers  and  one  input  fiber  into  a  metal  or  glass  protective  tube  with  a  special 
kind  of  epoxy  cement.  These  materials  in  a  probe  impose  difficulties  in  the  collection  of 
spectra  in  some  hostile  chemical  environments  due  to  chemical  reactions  of  the  epoxy 
resin  with  surrounding  environment.  Recently  we  have  reported  the  fabrication  of  an  all 
silica  fiberoptic  probe  that  is  useful  for  measuring  Raman  spectra  of  molten  salt  systems 
such  as  molten  chlorides  and  nitrates  at  high  temperature.*^*  Nevertheless,  this  probe  can 
not  be  used  to  measure  Raman  spectroscopy  of  corrosive  melts  such  as  carbonate  and 
fluoride  melts,  because  of  the  reaction  of  silica  with  these  melt  systems.  Two  strategies 
have  been  implemented  to  extend  applications  of  fiberoptic  instrumentation  in  the 
measurement  of  Raman  spectroscopy  of  these  systems.  The  first  strategy  involves  the 
development  of  a  protective  windowed-sheath  for  our  all  silica  fiberoptic  probes,  while 
the  second  one  utilizes  Dilor  fiberoptic  super  head  as  an  alternative  new  approach.  For 
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fluoride  melts,  the  best  window  material  is  the  diamond.  However,  one  of  drawbacks  of 
windowed  fiberoptic  Raman  probe  is  large  silica  background  Raman  signals  which  are 
generated  from  the  excitation  optic  fiber  itself  and  reflected  to  the  collection  fibers  at  the 
interface  between  probe  and  window.^’^  Therefore,  the  major  requirement  of  the  remote 
Raman  spectroscopy  is  the  reduction  of  the  unwanted  silica  background  signals  to  a  level 
below  that  of  sample  Raman  signals.  Myrick  and  Angel  have  reported  the  use  of  optical 
interference  filters  to  filter  out  the  background  fiber  signals.^  In  that  study,  a  bandpass 
filter  was  used  at  the  tip  of  the  excitation  optical  fiber  to  reject  any  fluorescence  or 
unwanted  background  signals  from  the  excitation  fiber  which,  at  the  same  time,  allows 
transmission  of  the  large  portion  of  the  laser  beam.  Similar  techniques  have  also  been 
employed  by  Sharma  and  his  coworkers  in  their  recent  remote  fiberoptic  studies.^  Usually, 
these  optical  filters  can  not  survive  high  temperature  conditions.  Here  we  want  to  discuss 
a  simple  and  yet  efficient  method  to  minimize  the  fiber  background  signals  for  high 
temperature  remote  Raman  spectroscopy.  The  performance  of  the  method  was 
characterized  by  the  measurement  of  Raman  spectra  of  a  molten  MgCl2-CaCl2-KCl- 
NaC!(15-15-35-35  mole%)  melt  by  a  simulated  windowed  probe.  In  addition,  we  want  to 
report  some  recent  fiberoptic  instrumentation  to  permit  Raman  spectral  studies  of 
corrosive  melts  such  as  carbonate  melts  via  a  fiberroptic  super  head  system. 

EXPERIMENTAL 

Reagents;  Anhydrous  magnesium  chloride  was  synthesized  by  the  decomposition 
of  the  corresponding  carnallite  salt^’*,  followed  by  distillation  using  a  double  bulb  quartz 
vessel.^  No  IR  bands  of  hydroxide  or  magnesium  oxide  species  were  found  in  the 
magnesium  chloride  thus  synthesized.  The  procedure  for  the  purification  of  the  other 
starting  materials  (NaCl  and  KCl)  has  been  described  previously.”  Lithium  carbonate  and 
sodium  carbonate  are  from  Aldrich  Chemical  Company. 

Raman  Spectroscopy:  Raman  spectra  were  recorded  with  a  Ramanor  HG.2S 
spectrophotometer  equipped  with  concave-aberration-corrected  holographic  gratings. 

This  instrument,  manufactured  by  Jobin  Yvon  (Instruments  SA),  employs  a  double 
monochromator.  Excitation  of  the  spectra  was  by  means  of  the  514.5  nm-line  from  an 
argon-ion  laser  (Coherent).  Spectral  data  were  stored  in  a  4096  channel  Nicolet  model 
1 170  signal  averager  which  permitted  the  averaging  of  spectra  over  repeated  scans. 

The  fabrication  of  the  all-silica  probe  has  been  described  in  detail  elsewhere.®"’ 
Briefly,  the  probe  was  constructed  by  the  fusion  of  two  400  ^m  all-silica  fibers  into  a 
quartz  tube  under  vacuum.  Vacuum  was  applied  to  make  a  seal  and  minimize  bubbling  of 
the  quartz  during  the  fusion  process.  This  fusion  method  is  very  similar  to  those  used  in 
the  fabrication  of  microelectrodes.”  Once  fused,  the  probe  tip  was  carefully  cut  and 
polished  with  successively  finer  grades  of  emery  paper  to  a  smooth  finish. 

RESULTS  AND  DISCUSSIONS 

Removal  of  Silica  Background  from  Window  Reflection  of  the  Sheathed  Fiberoptic  Probe 
via  Recording  Anti-Stokes:  Although  the  fiber  Raman  emissivity,  generated  in  our 
fiberoptic  probe,  is  weak,  the  measured  fiber  signal  is  strong  because  of  the  length  of  the 
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excitation  optical  fiber.  Consider  that  Raman  exciting  laser  is  focused  into  the  end  of  the 
fiber  and  follow  the  derivation  by  Walrafen  and  Stone'^  Then,  the  intensity  of  the 
generated  Raman  scattered  light  dl^  in  the  fiber  in  length  dx  is  given  by  : 

dlj^^GJdx-alj^dx  (1) 


where 

(2). 

In  the  above  eq  1  and  eq  2,  gR  is  the  Raman  scattering  differential  cross  section,  is 
the  solid  angle  of  light  guided  in  the  forward  direction  in  the  core,  I  and  Ir  are  the  exciting 
and  Raman  intensities,  and  a  is  the  loss  coefficient  for  light  traveling  in  the  fiber.  It  is  a 
good  assumption  that  the  loss  coefficient  in  the  fiber  is  the  same  at  the  wave  length  of  the 
Raman  or  exciting  laser  and  the  amount  of  the  light  converted  to  Raman  radiation  is  small, 

then 

(U  =  -aldx  (2) 


and 

/  =  V“*  (4) 

where  is  the  intensity  of  the  exciting  light  at  x=0.  Substituting  eq  4  into  eq  1  gives  rise 
to 

(5) 

The  solution  of  eq  5  is 

Combining  eq  4  and  eq  6  yields 

^  .  a^x  (7). 

From  the  above  equation,  it  is  clear  that  the  amount  of  Raman  background  signals  fi'om  an 
optical  fiber  increases  indefinitely  with  fiber  length.  These  background  signals  originating 
from  the  excitation  optical  fiber  can  be  reflected  into  the  collection  optical  fibers  through 
the  window  interface  of  the  sheathed  fiberoptic  probe.  Therefore,  the  background  signals 
from  the  excitation  optical  fiber  can  be  dominant  in  the  remote  fiberoptic  Raman 
spectroscopy  using  sheathed  probe.  Since  fused  silica  fibers  are  used  in  all  fiberoptic 
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remote  Raman  spectroscopy,  the  fiber  background  signals  are  fused  silica  Raman  signals. 

The  large  background  Raman  signals  from  the  exciting  fiber  can  interfere  with  the 
measurement  of  sample  Raman  signals  that  occur  in  the  same  energy  region.  The  method 
we  propose  to  minimize  these  unwanted  silica  signals  is  through  utilizing  anti-Stokes 
Raman  spectra  for  high  temperature  systems.  The  essence  of  the  technique  is  to  make  use 
of  the  fact  that  most  of  the  excitation  fiber  is  at  the  ambient  temperature.  Based  on  basic 
Raman  spectroscopy  theory,*'*  the  ratio  of  the  intensity  of  the  anti-Stokes  line  to  Stokes 
line  is  given  by 


At  ambient  temperature  extremely  small  anti-Stokes  silica  signals  are  expected  to  be 
generated  in  the  excitation  fiber.  This  known  attribute  of  Raman  scattering  can  be  utilized 
to  benefit  studies  in  high  temperature  systems  where  the  desired  analyte  exhibits  a 
temperature-enhanced  anti-Stokes  signal  while  the  bulk  of  the  silica  fiber  remains  at  room 
temperature  resulting  in  a  weak  anti-Stokes  signal.  An  extra  bonus  of  recording  anti- 
Stokes  instead  of  Stokes  Raman  spectra  is  the  removal  of  fluorescence  interference  since 
fluorescence  occurs  to  the  red  of  the  excitation  laser  frequency. 

Fig.  1  gives  a  comparison  of  Stokes  and  anti-Stokes  Raman  spectra  for  MgCl4^*  in 
a  four  component  melt  consisting  of  MgCl2-CaCl2-KCl-NaCl(15-15-35-35  mole%)  at 
800  °C,  which  are  recorded  by  a  diamond- windowed  all-silica  probe.  The  Raman  band 
around  250  cm**  in  both  recorded  spectra  is  assigned*^'*^  to  a  totally  symmetric  stretch 
mode(Aj)  of  MgCl4^*.  The  broad  shoulder  around  500  cm*'  is  due  to  the  silica  signals  from 
the  exciting  optical  fiber.  As  seen  from  Fig.  la,  there  are  large  silica  Raman  signals  in  the 
Stokes  Raman  spectrum,  whereas  little  such  signals  appears  in  the  corresponding  anti- 
Stokes  Spectrum.  This  demonstrates  the  advantage  of  obtaining  Raman  spectra  of  high 
temperature  systems  via  recording  anti-Stokes  Raman  over  that  through  recording  stokes 
Raman  through  windowed  fiberoptic  probes. 

Raman  Measurement  with  Dilor  Instrumentation:  Fig.  2  gives  the  setup  for  measurement 
of  molten  salt  Raman  spectra  via  Dilor  super  head.  The  Dilor  super  head  system  uses 
separate  fibers,  but  the  optical  coupling  to  the  sample  medium  is  performed  through  an 
optical  sensor  head,  which  consists  of  two  spectral  filters,  a  lens  relay  and  a  beamsplitter 
arrangement.  A  first  narrow-band  interference  filter  isolates  the  monochromatic  laser 
excitation  at  the  exit  of  the  excitation  fiber  and  removes  the  intense  Raman  bands  due  to 
the  silica  fiber  materials.  A  second  notch  filter  is  placed  in  the  light  path  between  the 
sample  and  the  return  fiber,  to  reject  the  retro  scattered  radiation  at  the  laser  wavelength. 
The  exit  excitation  laser  forms  a  parallel  beam,  which  can  be  focused  on  the  sample 
through  any  objective  lens.  In  our  high-temperature  applications,  we  used  a  silica  tube 
(length  =  20  cm)  with  one  end  attached  to  a  silica  objective  lens  (f  =  1  cm)  to  focus  the 
laser  onto  the  sample.  This  tube  attachment  provides  the  enough  distance  to  isolate  the 
super  head  from  the  heated  furnace  area.  Fig.  3  shows  the  Raman  spectrum  of  a 
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Li2C03/Na2C03  (53/47)  melt  at  SSO^C,  measured  by  the  setup  show  in  Fig.2.  The  Raman 
band  is  located  at  1055  cm‘\  which  is  very  close  to  those  reported  in  the  literature/ 

Conclusions:  Two  strategies  have  been  proposed  to  measure  Raman  spectroscopy  of 
corrosive  melts  via  fiberoptic  instrumentation.  The  protective  sheath  approach  requires  a 
certain  window  for  the  all-silica  fiberoptic  probe  we  developed  previously.  Addition  of  the 
window  will  give  rise  to  large  silica  background  signals  in  Stokes  Raman  spectra  recorded 
via  this  kind  of  probe.  However,  minimum  silica  signals  are  found  in  Anti-Stokes  Raman 
spectra  measured  with  the  windowed  probe.  The  second  strategy  involves  the  use  of  Dilor 
fiberoptic  super  head.  The  application  of  this  system  in  obtaining  molten  carbonates  has 
been  demonstrated. 

Acknowledgments 

This  research  is  sponsored  by  U.S.  Department  of  Energy  under  contract  with  Lockheed 
Martin  Energy  Research  Corporation  (LMER)  and  a  Cooperative  Research  and 
Development  Agreement  (CRADA)  NO.  95-0361,  between  Alumax  Aluminum  Corp., 
Kaiser  Aluminum  Corp.;  Reynalds  Metals  Co.  and  LMER. 

References 

1.  S.D.  Schwab  and  R.L.  McCreery,  Anal.  Chem.,  1984,  56,  2199. 

2.  C.D.  Allred  and  R.L.  McCreey,  Appl  Specirosc.\  1990,  44,  1229. 

3.  M.L.  Myrick  and  S.M.  Angel,  Appl  Spectrosc. ;  1990,  44,  565. 

4.  B.  Yang  and  M.D.  Morris,  Appl  Spectrosc.',  1991,  45,  512. 

5.  C.L.  Schoen,  T.F.  Cooney,  S.K.  Sharma  and  D.M.  Carey,  Applied  Optics',  1992, 
31,  7707. 

6.  S.  Dai,  J.P.  Young,  G.M.  Begun,  J.E.  Coffield  and  G.  Mamantov,  Microchimica 
Acta,  [992, 108,261. 

7.  S.  Dai,  J.P.  Young,  G.M.  Begun,  J.E.  Coffield  and  G.  Mamantov,  Proceedings 
of  the  International  Symposium  on  Molten  Salts,  p66-71.  Spring  Meeting  of  the 
Electrochemical  Society,  St.  Louis,  MO,  May  1992. 

8.  W.K.  Behl  and  H.C.  Gaur,  J.  Scl  Industr.  Res.,  1961,  20B,  231. 

9.  G.P.  Smith  and  C.R.  Boston,  J.  Chem.  Phys.',  1965,  46,  4051. 

10.  S.  Dai,  J.P.  Young  and  G.  Mamantov,  Appl  Spectrosc.',  In  press. 

11.  R.  Marassi,  J.Q.  Chambers,  G.  Mamantov,  J.  Electroanal  Chem.  Interfacial 
Electrochem.',  1976,  69,  345. 

12.  C.  Lee,  C.J.  Miller  and  A.J.  Bard,  Anal  Chem.',  1991,  63,  78. 

13.  G.E.  Walrafen  and  J.  Stone,  Appl  Spectrosc.,  1911,  26,  585. 

14.  D.P.  Strommen  and  K.  Nakamoto,  Laboratory  Raman  Spectroscopy,  John  Wiley 
&  Sons;  New  York,  1984. 

15.  V.A.  Maroni,  J.  Chem.  Phys.,  1971,  55,  4789. 

16.  H.  Brooker,  J.  Chem.  Phys.',  1975,  63,  3054. 

17.  S.  Okazaki,  M.  Matsumoto,  and  I.  Okada,  Mol  Phys.,  1993,  79,  611. 


Electrochemical  Society  Proceedings  Volume  96-7 


528 


Figure  1  Comparison  of  Stokes  (a) 
and  anti-Stokes  (b)  Raman  spectra 
recorded  by  a  diamond-windowed 
fiberoptic  probe. 


measurement  of  Raman  spectra  of 
corrosive  melts. 


Figure  3  Raman  spectrum  of  a 
LijCOj/Na^COj  (53/47)  melt  measured  at  550"C 
by  Dilor  super  head. 
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The  chemistry  of  tungsten  chlorides  in  LiCl-KCl  eutectic  composition 
has  been  investigated  by  spectroscopic  and  electrochemical  techniques 
at  450°C.  It  has  been  found  that  W(VI)  is  reduced  to  W(V)  directly  by 
the  free  Cl'  ion  in  the  melt  and  the  octahedral  complex  ion  [WCl^]'  is 
formed.  Addition  of  metals  (Al,  Zn,  Pb,  W)  causes  further  reduction  of 
W(V).  Depending  on  the  metal  added  [WClg]^'  or  W  metal  are  obtained. 
A  single  reduction  wave  appears  for  the  electroreduction  of  W(V)  and 
W(IV)  which  corresponds  to  the  electrochemical  generation  of  W(II). 
This  electrode-reaction  process  is  diffusion  controlled  and  irreversible. 


INTRODUCTION 


The  chemistry  and  electrochemistry  of  tungsten  is  counted  among  the  most 
complex  of  the  transition  metals  due  to  the  variety  of  the  oxidation  states  the  metal 
exhibits  ranging  from  +6  to  +2.  It  is  not  surprising  that  very  few  are  known  about  the 
chemistry  of  tungsten  in  halide  melts  comparing  with  other  refractory  metals  such  as 
Ta  and  Nb.  Even  though  tungsten  is  very  important  from  a  technological  point  of  view, 
relatively  few  studies  of  its  chemistry  in  molten  salt  systems  have  been  reported  [1-9]. 

The  binary  AlCl3-NaCl3„  is  the  only  molten  salt  system  in  which  the  dissolution 
of  tungsten  chloro-compounds  has  been  studied  by  means  of  Raman  spectroscopy.  It 
has  been  suggested  that  the  dissolution  of  WCl^  in  this  melt  results  in  the  formation 
of  [WClg]',  as  a  product  of  the  chemical  reduction  of  WC1<3  by  the  excess  of  the  free 
chloride  ion  in  the  melt  [3].  Other  spectroscopic  methods  such  as  Infrared  and  UV- 
visible  absorption  have  been  also  employed  in  order  to  identify  the  tungsten  species 
that  are  formed  mainly  in  AlClj-NaCl  melt  [1-4]. 


The  information  available  from  previous  electrochemical  studies  is  contradictory. 
Zuckerbrod  reported  that  in  LiCl-KCl  eutectic  W(V)  can  be  reversibly  reduced  to 
W(IV)  which  can  be  further  reduced  irreversibly  to  W(II),  while  the  final  process  is 
the  formation  of  tungsten  metal  [5].  In  contrast,  Balko  found  that  in  the  same  rne  t 
W(V)  and  W(IV)  are  reduced  to  W(III),  whilst  W(III)  is  finally  reduced  to  W(0)  [6] 
Recently,  Sequeira  claimed  that  W(V)  and  W(IV)  are  irreversibly  reduced  to  W(  II) 
which  is  not  further  reduced  [7,8].  In  parallel,  Katagiri  has  obtained  coherent  metallic 
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tungsten  deposits  from  the  ZnCl2-NaCl  melt  through  the  reduction  of  WClg  [9]  while 
Mamantov  et  al.  [4]  have  comprehensively  examined  the  electrochemistry  of  W(V)  in 
AlClj-NaCl^,,  melt  proposing  a  possible  reaction  sequence. 

In  the  light  of  these  studies  it  is  obvious  that  additional  research  is  needed  to 
understand  the  chemistry  of  tungsten  in  molten  salts.  The  purpose  of  this  work  was  the 
spectroscopic  identification  of  tungsten  species  formed  in  the  LiCl-KCl  eutectic  and 
the  elucidation  of  their  electroreduction  mechanism. 


EXPERIMENTAL 


Chemicals.  LiCl  and  KCl  were  analytical  grade  chemicals  (Merck).  Before  the 
preparation  of  the  eutectic  mixture  (59.5  +  40.5  mole  percent)  they  were  dried  for  at 
least  24  hours  at  150“C  under  vacuum  and  purified  by  melt  recrystallization. WCl6 
(Alfa)  was  sublimed  under  vacuum  in  a  sealed  pyrex  tube  by  using  a  temperature 
gradient.  KWClg  was  synthesized  by  an  equimolar  mixture  of  WClg-KCl  according  to 
the  method  proposed  by  Zaitseva  [10]  and  K^WCl^  was  prepared  by  heating  KWCl^ 
at  ~350“C  under  vacuum  as  reported  by  Dickinson  et  al.  [11].  Because  of  the 
significant  air-  and  moisture-sensitivity  of  tungsten  compounds  all  handling  of 
materials  was  done  in  a  nitrogen-filled  dry  box  (moisture  level  <lppm). 

Raman  System.  Raman  spectra  were  excited  with  the  488  or  514.5  nm  line  of  an 
argon  laser  and  the  647.1  nm  line  of  a  krypton  laser  (Spectra-Physics).  A  cylindrical 
lens  with  a  127  mm  focal  length  was  used  to  focus  the  laser  line  on  the  liquid  sample. 
The  Raman  cell  was  aligned  in  an  optical  furnace  and  the  scattered  light  was  collected 
at  an  angle  of  90“  and  analyzed  with  a  0.85-m  double  monochromator  (Model  1403, 
Spex  Industries)  equipped  with  an  RCA  model  C-31034  photomultiplier  tube  (PMT). 
The  detection  system  included  PAR  photon  counting  and  rate  meter  electronics 
(EG&G/Ortec).  Typical  spectra  width  and  time  constant  were  3  cm  '  and  0.3  s 
respectively.  The  system  was  also  interfaced  to  a  PC  and  the  spectra  recorded  were 
digitized  and  stored  on  disc.  The  spectra  were  obtained  at  400-500“C. 

Electrochemical  Measurements.  For  the  electrochemical  experiments  a  glassy 
carbon  cell  was  used.  The  cell  was  placed  in  a  home-made  temperature  controlled 
furnace  capable  of  sustaining  an  inert  atmosphere.  Furthemore,  it  was  equipped  with 
a  home-constructed  boron  nitride  cover  which  was  penetrated  by  three  alumina  tubes 
fused  on  it,  through  which  Pt  electrodes  could  be  introduced.  Another  assembly 
consisted  of  a  fused  silica  tube  and  a  bronze  flat  flange  joined  together  at  the  upper 
open  end  with  epoxy  was  also  used.  A  teflon  cover  through  which  the  electrodes  and 
the  gas  tubes  were  introduced  was  tightly  connected  to  the  flange.  A  Kanthal  wire- 
wound  furnace  enabled  the  temperature  to  be  controlled  to  ±  2°C  at  the  area  where  the 
cell  containing  the  melt  was  placed.  A  Pt  wire  and  a  Pt  sheet  served  as  the  working 
and  the  counter-electrode  respectively.  A  platinum  wire  immersed  directly  in  the  bulk 
melt  was  used  as  a  quasi-reference  electrode.  The  electronic  setup  consisted  of  a  PAR 
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model  173  potentiostat  connected  with  a  home-made  function  generator.  The 
potentiostat  was  also  interfaced  to  a  PC  via  an  A-D/D-A  card. 


RESULTS  AND  DISCUSSION 


A.  Raman  Spectroscopic  Investigation  of  the  Tungsten  Species  Formed  in  the  LiCl- 
KCl  Eutectic  Composition 


1.  WClfi  and  KWCl ..  The  dissolution  of  1.5  mol  %  tungsten  hexachloride  in  the 
eutectic  LiCl/KCI  was  quite  fast.  A  two-phase  separation  was  observed.  It  has  been 
reported  that  the  solubility  of  WCl^  decreases  significantly  in  Lewis  basic  melts  [1]. 
Dark  yellow  vapors  typical  of  the  hexachloride's  were  present  above  the  melt.  The 
spectra  recorded  (647. 1  nm  laser-line)  for  both  the  dark  orange  transparent  upper  phase 
(Fig.  Id)  and  the  black  heavier  phase  were  characterized  by  the  presence  of  a  strongly 
polarized  band  at  385  and  a  depolarized  one  at  168  cm  '.  No  other  bands  were 
observed.  The  similarity  of  the  spectra's  appearance  with  those  obtained  from  the 
crystalline,  liquid  and  gas  WCl6  (Fig.  la-c),  strongly  supported  that  the  species  formed 
should  be  of  the  same  symmetry  (O^).  The  shift  in  frequency  denoted  the  lowering  of 
the  oxidation  state  of  W  in  accordance  with  what  has  been  previously  reported  for 
other  refractory  metals  [12].  The  spectrum  of  the  vapor  phase  showed  that  apart  frorn 
WClg,  gas  chlorine  was  also  present  giving  a  characteristic  band  contour  at  -550  cm’ . 
The  evolution  of  Clj  confirmed  that  a  redox  process  occured  in  the  melt.  The 
octahedral  complex  ion  [WCI^]’  of  W(V)  was  suggested  to  be  the  most  probable 
species  existed  in  both  phases  of  the  liquid  system  LiCl/KCl(eut)-WCl6.  The  heavier 
phase  was  mainly  consisted  of  KWCl^,. 

In  order  to  verify  the  previous  assumption,  the  dissolution  of  KWClg  in  the  same 
eutectic  was  also  studied.  Dark  green  potassium  hexachlorotungstate  is  known  to  be 
a  direct  source  of  W(V)  in  the  form  of  [WCIJ'  [3,  13].  Two  phases  exhibiting  the 
same  colours  as  previously  mentioned  were  observed.  Neither  the  existence  of  vapor 
phase  nor  the  evolution  of  CI2  were  noticed  in  this  case.  The  spectra  obtained  were 
identical  to  those  of  the  system  LiCl/KCKeuO-WCl^. 

The  spectrum  shown  in  Fig.  Id  was  attributed  to  the  presence  of  the  complex  ion 
[WCl^]'  in  the  melt.  This  species  was  formed  by  the  direct  reduction  of  W(VI)  by  the 
excess  of  the  free  chloride  ion  (Cf)  in  the  melt  according  to  : 

wci,  +  ci-->  [wcy-+  I/2CI2  1  (1) 

The  two  bands  observed  at  385  cm*'  (polarized)  and  168  cm’'  (depolarized)  were 
assigned  to  the  v,  (A^)  and  v^  (T2,)  modes  of  the  [WCIJ’  octahedra.  The  expected  for 
an  octahedron  Vj  (Eg)  mode  which  is  in  general  rather  weak,  was  not  observed  in  the 
spectra  obtained. 
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2.  K.WClfj.  The  dark  red  dipotassium  hexachlorotungstate  was  expected  to  be  a 
direct  source  of  W(IV)  in  the  form  of  the  ion  [WCl^]^ .  Its  dissolution  in  the  eutectic 
resulted  in  the  formation  of  a  transparent  light  olive-green  upper  phase.  The  color  was 
typical  of  the  existence  of  the  former  ion  [14].  The  bands  corresponding  to  the  Vj  (345 
cm  ')  and  Vj  (158cm  ')  vibrational  modes  of  the  octahedral  [WCl^f'  can  be  observed 
in  the  spectrum  which  was  excited  by  the  647.1  nm  laser-line  and  shown  in  Fig.  le. 
The  lowering  of  tungsten's  oxidation  number  from  V  to  IV  caused  a  new  red  shift  of 
the  band  frequencies.  The  mode  was  not  observed.  The  black  heavier  phase  was 
considered  to  be  dominated  by  the  same  species  as  the  upper  one  since  the  spectra 
obtained  from  both  phases  were  alike. 

3,  Addition  of  Metals  as  Reductants.  Metals  have  been  used  as  reducing  agents 
in  the  system  LiCl/KCl(eut)-WCI(;.  Their  reducing  potentials  in  the  eutectic  LiCl-KCl 
are  presented  in  the  Table  I.  All  the  spectra  were  excited  by  the  514.5  nm  laser  line 
due  to  the  green  colour  these  molten  systems  exhibited. 

a.  The  Case  of  A1  and  Zn.  The  addition  of  aluminum  and  zinc  in  excess  led  to 
a  rather  rapid  (approx.  3  hours)  color-change  of  the  initially  orange-colored  upper 
phase  to  olive-green.  The  temperature  was  maintained  at  500°C.  Although  the  color 
was  reminiscent  of  what  had  been  previously  observed  for  the  system  LiCl/KCl(eut)- 
KjWClg,  the  characteristic  frequencies  of  [WCIJ were  not  detected  while  the  remain¬ 
ing  [WCIJ'  could  be  still  observed  (Al-case,  Fig.  2a). 

Presumably,  the  reduction  of  W(V)  led  mainly  to  tungsten  metal,  while  the  traces 
of  the  intermediate  product  [WCle]^'  were  dominated  by  the  complex  ions  [AlCl^]'  and 
[ZnCl4]^'  formed  in  each  case  [15].  In  less  than  five  hours  (total  time  elapsed)  the 
upper  phase  turned  into  colorless  indicating  the  completion  of  the  reduction  and 
sustaining  the  assumption  that  no  tungsten  species  were  present  in  the  melt  any  longer 
(Fig.  2b  and  c).  The  gray-black  precipitate  observed  as  the  heavier  phase  cannot  be 
attributed  to  a  subvalent  tungsten  chloride  species  such  as  [W2Cl9]^’  or  [W^  Cl^  |' 
mainly  because  of  the  total  indissolubility  that  the  solidified  heavier  phase  proved  to 
have  in  several  solvents. 

b.  The  Case  of  Pb.  The  change  occured  when  lead  was  introduced  to  the  system 
was  almost  doubly  time-consuming  than  in  the  previous  case.  Only  an  one-stage 
reduction  process  was  found  to  occur  since  no  other  tungsten  species  except  [WC1J''‘ 
were  identified  to  be  present  in  the  melt  at  500°C.  In  the  spectrum  shown  in  Fig.  2d 
the  polarised  band  at  345  cm''  was  accompanied  by  two  other  bands  both  polarised 
which  were  attributed  to  the  complex  ion  species  with  the  general  formula  [PbCl^] 
The  weaker  band  at  -250  cm  '  was  attributed  to  the  ion  [PbCy-  [15],  while  the  more 
intense  band  at  230  cm  '  was  proposed  [present  work]  to  be  assigned  to  the  v,  vibration 
of  a  species  where  n  should  be  greater  than  three. 

c.  The  Case  of  W.  Addition  of  excess  of  tungsten  resulted  in  the  relatively  slow 
(approx.  15  hours)  reduction  of  W(V)  at  500'^C.  The  reduction  stages  observed  for  the 
system  LICl/KCl(eut)-WCl6-W  can  be  seen  in  Fig.  3.  The  complex  ion  [WClg]'  (Fig. 
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(2) 


3a)  was  gradually  reduced  to  V^Ckf'  (Fig.  3b)  according  to  : 

4  [wcifi]-  +  w  +  6  cr  -  5  [wcy- 

Fig.  3b  clearly  shows  an  intermediate  stage  (10  hours)  of  the  reduction  of  W(V)  to 
W(IV)  where  the  bands  of  both  the  ions  [WCle]'  and  [WClg]^'  co-existed  in  the  melt. 
Eventually,  the  octahedral  complex  ion  [WCl^]^'  was  found  to  be  the  major  species  of 
the  liquid  system  (Fig.  3c). 

The  sharp  strong  band  at  223  cm''  of  the  spectrum  illustrated  in  Fig.  3c  was 
attributed  to  traces  of  the  linear  oxo-bridged  complex  ion  [WjOClio]^'  whose  intensity 
was  Resonance  Raman  enhanced  [16],  while  the  weak  band  at  444  crn  was  assigned 
to  the  first  harmonic  2v,.  The  near  resonance  514.5  nm  laser-line  which  was  used  for 
the  excitation  of  the  spectrum  fell  into  the  electronic  envelope  of  the  unusually  strong 
absorption  maximum  of  the  oxyanion  [W20Cl,o]‘’'  at  ~  19100  cm  '  [21]  giving  rise  to 
Resonance  Raman  effect.  In  any  case,  the  presence  of  this  species  in  the  melt  should 
be  considered  as  negligible  since  its  concentration  might  be  a  few  orders  of  magnitude 
less  than  the  concentration  of  the  major  species.  The  faster  reduction  process  occured 
in  the  systems  containing  Al,  Zn  and  Pb  was  probably  the  reason  of  not  observing  the 
oxyanion  impurity  in  their  spectra. 


Table  1  Metals  used  as  reductants  in  the  system  LiCl/KCKeutj-WCl^  and 
their  corresponding  standard  electromotive  force  series  in  the  LiCl-KCl 
eutectic  [20]. 


Redox  Couple 

A1(III)/A1(0)  Zn(ll)/Zn(0)  Pb(II)/Pb(0)  W(II)/W(0)  Pt(II)/Pt(0) 

E°m/V  vs.  Pt(II)/Pt(0) 

-  1.762  -1.566  -1.101  -  0.585  0.000 

B.  Vnitammetric  Characteristics  of  Tungsten  Compounds  at  Pt  Electrode  in  LiCl- 
KCl  Eutectic  Composition 


1.  WClfi  and  KWCh.  Preliminary  voltammetric  measurements  at  platinum  (Pt) 
cathodes  revealed  that  the  cyclic  voltammograms  of  solutions  prepared  by  the 
dissolution  of  WCl^  in  LiCl-KCl  were  essentially  the  same  as  those  obtained  from 
solutions  of  KWCl^.  The  similarity  of  these  voltammograms  supported  the  contention 
that  addition  of  WCl^  to  the  LiCl-KCl  melt  produced  the  [WClft]'  ion. 
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In  order  to  verify  electrochemically  the  chemical  reduction  of  WCl^  in  the  melt, 
the  cyclic  voltammogram  was  initially  scanned  in  the  positive  direction  from  the  rest 
potential.  Given  that  the  melt  contains  [WCIJ',  one  would  expect  anodic  current  to  be 
appeared.  As  shown  in  Fig.  4A  (inset  a)  anodic  current  due  to  the  one-electron 
oxidation  of  [WCIJ'  was  not  detected,  up  to  the  potential  where  anodic  dissolution  of 
Pt  occurs.  The  peaks  and  I,  were  attributed  to  the  PF^/Pt  redox  couple  [17,18].  This 
behavior  indicated  that  the  electrooxidation  of  [WCle]'  might  commence  at  more 
positive  potentials  and  could  be  presumably  studied  at  other  electrodes  usually  used 
(i.e  glassy  carbon). 

When  the  voltammograms  were  scanned  in  the  negative  direction  from  the  rest 
potential,  a  broad  cathodic  peak  appeared  (Fig.  4A).  Even  though  this  peak  could  not 
be  well  characterized  numerically,  it  seemed  to  be  controlled  by  diffusion.  A  small 
non-reproducible  anodic  peak  of  variable  shape  and  position  also  appeared  at  around 
0.2  V.  At  the  present  state  of  our  investigation  the  reduction  process  which 
corresponded  to  the  cathodic  wave  could  not  be  determined.  In  fact,  the  broad  shape 
of  the  reduction  peak  might  be  attributed  to  the  presence  of  oxychlorides  formed  by 
the  oxide  contamination  of  the  melt.  However,  the  fact  that  the  reduction  process 
occured  at  the  potential  range  where  the  reduction  wave  of  W(IV)  appeared  (see 
below),  permitted  the  speculation  that  the  final  product  of  these  electrochemical 
processes  was  the  same. 

2.  K.WClg.  Cyclic  voltammograms  obtained  at  Pt  from  solutions  prepared  by  the 
dissolution  of  K2WC1(;  in  LiCl-KCl  eutectic  melt  at  450“C  are  shown  in  the  Fig.  4B. 
A  single  cathodic  peak  appeared  at  around  -250  mV.  No  further  reduction  processes 
were  observed  upon  sweeping  up  to  the  cathodic  limit.  The  peak  potential  of  the 
cathodic  wave  shifted  cathodically  with  increasing  scan-rate.  These  shifts  implied  that 
an  irreversible  electron-transfer  reaction  occured,  as  also  suggested  by  the  absence  of 
reoxidation  waves. 

It  is  noteworthy  that  although  anodic  peak  was  not  observed,  the  current 
exhibited  diffusion  character.  Actually,  the  peak  current  scaled  linearly  with  v'^^  (inset 
b  of  Fig.  4B)  verifying  the  diffusion  controlled  behavior  of  the  reduction  process.  The 
above  observations  implied  that  either  the  product  obtained  from  the  electrode  reaction 
was  chemically  converted  into  another  derivative  that  did  not  present  redox  properties, 
or  the  product  was  insoluble.  The  latter  was  the  most  probable  since  the  current 
function  did  not  decrease  with  increasing  sweep  rate  (inset  c  of  Fig.  4B)  which 
indicated  that  an  EC  mechanism  did  not  occur.  This  conclusion  was  confirmed  by  the 
impossibility  of  identifying  electrochemically  the  product  obtained  from  exhaustive 
electrolysis  of  the  solution. 

Bulk  controlled  potential  electrolysis  was  also  used  in  an  attempt  to  determine 
the  overall  number  of  electrons  involved  in  the  electrode  reaction.  Values  around  2  for 
the  number  of  electrons  transfered  per  molecule  were  found  corresponding  to  the  two- 
electron  reduction  of  W(IV)  to  W(II). 
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Sequeira  has  recently  reported  [8]  that  the  electroreduction  product  of  K2WCI6 
was  insoluble  and  claimed  that  W(IV)  underwent  an  one-electron  reduction  to  W(in). 
Zuckerbrod  and  Johnston  had  observed  that  W(ni)  was  rapidly  dissolved  in  the  melt, 
though  [5,19].  Zuckerbrod  also  found  that  W(IV)  was  reduced  to  W(II)  which  was 
further  converted  to  tungsten  metal  by  disproportionation.  In  the  present  investigation 
the  formation  of  W(0)  during  the  bulk  electrolysis  experiments  was  not  observed. 


CONCLUSIONS 


Raman  spectra  of  the  liquid  systems  LiCl/KCl(eut)-WCl6  and  LiCl/KCl(eut)- 
WCk-M  (M  =  W,  Pb,  Zn,  Al)  have  been  recorded  and  evidence  for  the  complex  10ns 
formed  have  been  found,  while  cyclic  voltammetry  has  been  also  employed  to 
elucidate  the  electroreduction  mechanism  of  the  same  species. 

The  data  obtained  by  both  techniques  have  shown  that: 

1.  The  octahedral  WCl^  was  reduced  by  decomposition  upon  dissolution  m  the  LiC  - 
KCl  eutectic  and  the  octahedral  five  valence  state  [WCIJ'  species  formed  while  gas  Cl  2 
evolved.  That  was  also  confirmed  indirectly  by  CV  since  the  voltammograms  for 
solutions  of  WCl^  were  essentially  the  same  as  those  obtained  for  solutions  of  KWCl^ 

2.  The  presence  of  W  metal  caused  the  further  reduction  of  [WCl^]'  and  the  octahedral 
rWCk]^‘  could  be  observed.  Excess  of  metal  did  not  lead  to  lower  valence  state  species 
such  as  [W2C19]'-  and  [W6C1,4]'-.  Minor  oxide  impurities  were  identified  as  the  linear 

oxo-bridged  complex  ion  [W2OCI, of  '.  ^*1, 

3  Addition  of  Al  and  Zn  caused  the  rapid  reduction  of  W(V)  to  W(0)  and  me 
formation  of  the  complex  ions  [AlCf]'  and  [ZnCf]^'  respectively.  The  presence  of  Pb 
metal  resulted  in  the  reduction  of  W(V)  to  W(IV)  and  the  simultaneous  formation  of 
the  ions  with  general  formula  [PbClJ^'". 

4.  The  complex  ion  [WCf]^'  underwent  an  irreversible  two-electron  electroreduction 
to  the  insoluble  W(II).  The  reduction  current  was  controlled  by  diffusion. 
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Relative  Intensity 


Figure  1 .  Raman  spectra  of  the  : 

a.  crystalline  WCIs  (v,:  410  cm  ’,  v^;  317  cm'',  v^:  ) 

b.  liquid  WClfi  at  SOOT  (v,;  405  cm  ',  V2:  (314)  cm* ,  V5;  vw  ) 

c.  gas  WClg  at  SOOT  (v,:  404  cm'’,  Vji  324  cm'',  V5:  (180)  cm' ) 

d.  system  LiCl/KCl(eut)-WCl6  at  450T  (~1.5  mol  %  WCl^) 

(v,;  385  cm'’,  v,:  vw,  V5:  168  cm'’) 

e.  system  LiCl/KCl(eut)-K2WCl6  at  500T  (~1.1  mol  %  K2WCI6) 
(vj:  345  cm'’,  v^;  vw,  V5:  158  cm'’) 
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Relative  Intensity 


Figure  2.  Influence  of  the  addition  of  Figure  3.  Reductions  stages  occured  in 

metals  as  reducing  agents  on  the  system  the  system  LiCl/KCl(eut)-WCl6-W  : 

LiCI/KCl(eut)-WCl6  (at  SOOT)  :  a.  [WCl^]'  (formed  instantly) 

a.  M  =  A1  (3  h  -  partial  reduction)  '  b.  [WClg]'  and  [WClg]^'  (10  h) 

b.  M  =  A1  (5  h  -  full  reduction)  c.  [WClg]^' and  [WjOClio]'*' (15  h) 

c.  M  =  Zn  (6  h  -  full  reduction) 

d.  M  =  Pb  (10  h  -  steady  state) 

e.  M  =  W  (1 5  h  -  steady  state) 
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Figure  4.  (A)  Cyclic  voltammograms  of  KWCl^  (0.3  mol%) 

eutectic. Scan  rates  v(mVs'’):  (1)  90;  (2)  180;  (3)  287;  (4)  359.  (B)  Cyclic 
voltammograms  of  K,WC1,  (0.3  mol%)  at  Pt  in  LiCl-KCI  eutectic^  Scan 
rates  v(mVs  ');  (1)  75;  (2^  170;  (3)  265;  (4)  470.  Insets:  (b)  plot  of  vs. 
(c)  plot  of  vs.  v. 
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ABSTRACT 

Raman  scattering  measurements  have  been  performed  on  K^O  ^SiO,  glasses  at  room 
temperature  and  in  the  corresponding  melts  to  study  the  structural  relationship  between  the 
glasses  and  the  melts.  The  fractions  of  SiOj"'  chain,  Si205*'  sheet  and  SiO,*^  three- 
dimensional  network  units  in  the  glasses  and  melts  were  determined  from  the  Raman 
results.  It  is  found  that  above  the  glass  transition  temperature  Tg  the  neutral  SiO,^^  species 
are  gradually  destroyed  and  the  highly  charged  Si^Og'  created  as  the  temperature  is 
increased. 

Using  the  laboratory  XAFS  facility,  we  have  performed  to  determine  the  local 
structure  in  potassium  silicate  glasses  (KjO  ^SiOi,  K2O  3810,,  KjO  ^SiO,  and 
0. 2(^03)- 0.8(K2O-4SiO,))  respectively  in  order  to  elucidate  the  environment  of 
modifying  potassium  ion  which  is  extremely  sensitive  to  the  morphology  of  the  network 
structure  of  glass  system.  The  coordination  numbers  of  oxygen  around  ion  in 
KjO  ^SiO,  and  K20-3Si02  glasses  are  found  to  be  4~5  which  is  small  compared  with  those 
of  K20-4Si02  glass  and  crystalline  nepheline  ~9.  The  result  indicates  that  the  introduction 
of  K^O  leads  to  the  disruption  of  SiO^  network  structure  and  the  formation  of  Si03''  chain 
like  structure  or  nonbridging  oxygen  ions  as  increasing  quantity  of  K2O.  The  local 
structure  around  silicon  ions  in  some  potassium  silicate  glasses  are  also  compared  with 
those  of  crystalline  SiO,  such  as  quartz  and  cristobalite. 

INTRODUCTION 

In  metallurgical  and  welding  process,  silicate  mixtures  applied  to  slag  or  flux  are 
always  used  in  molten  states.  Therefore,  it  has  been  become  important  to  understand  the 
melt  structures  which  control  various  physical  properties  such  as  density,  viscosity, 
diffusion,  electrical  conductance,  etc.  of  molten  silicates.  Silicates  made  up  tetrahedral 
Si04  units  easily  form  glasses  by  solidification  from  the  melts  with  high  melting  points. 
For  this  reasons,  as  a  zero-order  approximation,  these  melt  structures  have  been 
indirectly  estimated  from  the  corresponding  glass  structures  to  avoid  the  various 
experimental  difficulties  under  high  temperature  conditions.  Most  data  shown  below  on 
the  structure  in  silicate  melts  have  been  obtained  through  measurements  on  quenched 
samples  at  room  temperature,  and  only  very  limited  direct  information  on  the  structure  of 
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melts  at  high  temperature  is  available  (1).  It  is  still  controverted  that  the  glass  strucmres 
are  quite  similar  to  the  corresponding  melt  structures.  Therefore,  in  order  to  relate  from 
the  structural  information  of  silicate  glasses  to  the  structural  features  of  corresporiding 
melts,  it  is  necessary  to  accumulate  the  direct  experimental  proof  of  structural  similarity 
between  the  melts  and  their  glasses. 

It  is  generally  accepted  that  the  introduction  of  network  modifier  such  as  alkdi  oxide 
M.0  to  SiO,  glass  and  melt  break  the  Si-O-Si  bridging  bond  SiO^  linking  units  with  0  1,  2 
3  and  4  NBO/Si's  (NBO/Si:  Non-Bridging  Oxygen  per  Si).  According  to  the  modified 
random  network  (MRN)  model  (2),  the  addition  of  one  network  modifier  unit  HO  causes 
one  bridging  oxygen  (BO)  ion  between  two  connected  tetrahedral  SiO^  to  be  replaced  by 
two  non  bridging  (NBO)  ions.  The  number  of  NBO/Si  in  silicate  melts  and  glasses 
increases  with  increasing  modifying  oxide  content  (3,4),  and  also  with  increasing 
temperature  (5).  Unfortunately,  the  detailed  modifying  cations  such  as  alkah  and  alkaline- 

earth  ions  is  still  unknown.  ,  .r-  • 

Raman  spectroscopy  is  a  powerful  method  for  the  identification  of  distinct  SiO^  units 
of  silicate  crystals  and  glasses.  The  stretching  vibration  of  Si-0  bonds  in  silicate  c^stals 
and  glasses  can  be  easily  observed  in  the  frequency  region  from  800  to  1200cm  by  R™ 
spectroscopy.  Many  earlier  investigations  on  silicate  glasses  were  report^  „ 

800-1 200cm  ^  frequency  region  of  the  measured  Raman  spectra  be  g^nermly  be 
assigned  to  the  Si-0  stretching  motions  of  five  SiO,  units  with  0-^  NBO/Si;  Si^  thr^- 
dimensional  network  (NBO/Si=0),  Si, 03^'  sheet  (NBO/Si=l)  SiO,  chain  (NBp/Srf) 
SLO^  dimer  (NBO/Si=3)  and  SiO/'  monomer  (NBO/Si=4).  Tsunawaki  et  al.  (9,10) 
determined  the  fractions  of  bridging  oxygen  "-O-"  or  "O  "  (i.e  ,  coordination  to  two  sdicon 
ions),  non-bridging  oxygen  "O  "  (i.e.,  coordinated  to  one  silicon 
active  oxygen  "O' "  (i.e.,  nor  coordinated  to  silicon  ion)  in  glasses  PbO-SiO,,  CaObiU, 
and  CaO-CaF,-SiO,  from  the  relative  intensity  stretching  Raman  band^  Recently,  Ojnesaki 
et  al  (13)  indicated  that  the  Raman  relative  intensities  of  the  four  S1O4  units  with  1,  2,  i 
and  4  NBO/Si  in  the  rapidly  quenched  UO-SiO,  glasses  are  equivalent  to  the  abundance  ot 
the  corresponding  SiO.  units  from  their  Raman  analysis  of  these  glasses.  . 

Although  X-ray  (14-16)  and  neutron  (14,  16)  diffraction  studies  of  ^ah  sihcate 
glasses  have  verified  the  tetrahedral  coordination  of  oxygen  around  silicon  these  methods 
have  been  unsuccessful  in  deducing  anything  definite  about  the  local  structur^ 
environments  of  modifying  cations  in  these  glasses.  This  is  due  to  the  need  to  disentangle 

several  pair  correlation  functions  from  the  total  diffraction  intensity. 

X-m  absorption  fine  structure  (XAFS)  spectroscopy  has  been  used  extensively  as  an 
aid  to  understanding  the  local  coordination  characteristics,  and  the  pair  correlation  fun^ions 
for  specific  element  can  be  obtained.  However,  XAFS  experiments  in  me  son 
domL  700~3000ey  such  as  Si  (X-edge:  m9eV)  and  K  (3607 eV)  appear  less  developed 
than  those  in  the  hard  X-ray  or  VUV  regions:  the  reasons  for  this  may  he  in  some  mtnnsic 
experimental  difficulties  in  sample  preparation  and  weak  theoretical  background,  etc.  (M). 

In  this  paper,  the  structuraJ  features  of  Si  and  K  coordination  environments  tor 
SiO,  glasses  and  melts  are  discussed  mainly  based  on  the  experiments  by  High  temperature 
Ranrian  spectroscopy  and  on  Si  and  K  J^-edges  by  a  laboratory  XAFS  facility. 

EXPERIMENTAL 


Sample  Preparation 

Samples  studied  here  including  glasses  and  crystals  were  as  follows;  SiO,,  KjO  ^SiO,, 
K,O3Si0„  K,O2Si0,  and  0.2(A1,03)  0.8(K p.4SiO,)  ,SiO,  quarU  ^d 

cristobalite',  KNa3(AlSi04)4  nepheUne,  K.CO,  and  silicon  crystals.  AU  K,0-SiO,  glasses 
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were  prepared  from  analytical  reagent  grade  powders  SiO,,  K2CO3  and  Al^Oj.  About  S-lOg 
batches  were  mixed  and  then  melted  at  the  temperature  “about  lOOA:  above  their  melting 
points  in  a  Pt  crucible  inside  electrical  furnace.  After  melting,  the  melts  were  cooled  to 
room  temperature  to  obtain  the  glass  samples. 

High  temperature  Raman  measurement 

Unpolarized  Raman  spectra  were  measured  on  a  JASCO  model  R-800  double-grating 
spectrometer  at  scanning  angle  of  90°.  The  excitation  source  was  5145^4  '  (19435.6cm' ) 
or  4880i''  (19435.6cm  ')  line  NEC  GLG-3300  model  argon  laser  at  a  power  level  from 
300  to  800m  W. 

A  furnace  for  high  temperature  Raman  spectroscopy  was  fabricated  as  shown  in  Fig.  1. 
The  heating  elements  consists  of  the  Pt  main  heater  and  nichrome  sub-heater  in  order  to 
maintain  high  temperature  easily.  As  shown  in  Fig.  1,  the  melted  sample  could  be  placed 
on  the  Pt  ring  wire  by  its  surface  tension.  The  furnace  can  be  easily  generate  the  maximum 
temperature  of  1773A^,  but  high  temperature  Raman  spectroscopic  measurement  in  this 
study  was  limited  to  \A13K  due  to  the  disturbance  of  thermal  radiation  from  the  furnace 
and  sample.  The  sample  temperature  was  controlled  within  a  maximum  error  of  +5'’C 
throughout  the  Raman  measurement.  The  uncertainty  in  the  sample  temperature  caused  by 
the  local  heating  by  laser  beam  can  be  ignored.  With  the  exception  of  the  glass  spectra,  the 
sample  have  been  held  at  temperature  for  times  exceeding  the  relaxation  times  so  that 
structural,  though  metastable,  equilibrium  was  attained  for  the  high-temperature  runs.  Each 
Raman  spectrum  obtained  was  deconvoluted  into  several  Gaussian  peaks  (1 4). 

Soft  X-ravXAFS  Measurement 

We  performed  the  transmission  experiments  at  the  K  (3607eV)  and  Si  (l839eF)  K- 
edges  of  the  above-mentioned  sample  films  by  the  use  of  the  laboratory  XAFS  facility 
which  consists  of  rotating  anode  X-ray  generator  having  thin  Be  window  (25jum),  curved- 
crystal  monochromator  and  Si(Li)  solid  state  detector  (SSD).  In  the  present  study,  the 
copper  rotating-anode  as  X-ray  source  was  operated  at  lO-n-SkF  and  40~75/«A. 
Johans  son -type  LiF(200)  {2d=A.026A)  and  PET(002)  (Pentaerythritol  C(CH20H)4, 
2d=%.lA2A)  monochromators,  which  are  commercially  available  from  the  Quartz  and  Silice 
Co.,  France,  were  used  for  potassium  K~  and  silicon  AT-edge  XAFS  measurement 
respectively.  Energy  resolution  of  the  PET  monochromator  was  estimated  to  be  2.5eV  at 
the  Si  A'-edge  based  on  a  tungsten  Ma  (ap  l775.5eF,  a,'  l773.2eV0  curve  measurement 
due  to  the  volatilization  of  tungsten  from  filament.  In  silica,  the  white  line  is  reported  to  be 
2.6eV  wide  (15).  Therefore,  we  may  obtain  good  resolution  features  in  K  K-  and  Si  A- 
edge  XAFS  regions  by  the  use  of  our  laboratory  XAFS  facility.  Due  to  the  soft  nature  of  K 
A-  and  Si  A-X-rays  used,  we  used  a  conventional  vacuum  system,  the  vacuum  being 
maintained  inside  X-ray  path  by  means  of  a  thin  Be  window  (25//m)  at  the  front  of  the 
rotating  anode  X-ray  generator  during  XAFS  measurement. 

The  K  A-  and  Si  A-edge  absorption  spectra  of  the  samples  have  been  collected  up  to 
about  AOOeV,  the  absorption  near  edge  structure  (XANES)  studies. 

The  obtained  EXAFS  data  were  analyzed  using  standard  procedure  (16).  The 
threshold  energy.  Eg,  was  taken  as  photon  energy  at  the  first  inflection  point  of  the  edge. 
After  the  subtraction  of  the  Victoreen-type  baseline  of  the  pre-edge  region,  the  EXAFS 
spectrum  k^x(k)  make  the  radial  structure  function  in  R  space 
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I  ^max 

<D(Rj)  =  -;^  I W(k)k2x(k)exp[-i2kR]dk,  j 

where  the  Hanning  window  function,  Wk\  reduces  the  effect  of  the  restricting  the  Fourier 
transform  to  the  finite  range  of  k  {k„,=2.  Sk'<k<K,,=\ l.oA).  In  order  to  obtain  the  local 
structure  around  potassium  and  silicon  atoms,  non-linear  least-square  fitting,  given  by 


were  carried  out  in  the  filtered  A:-space,  utilizing  the  theoretical  phase  and  anipUtude 
functions  of  Mckale  et  al.  (17).  Here  Rj  is  the  interatomic  distance  between  the  absorber 
and  the  ^h  neighboring  atom,  Nj  is  the  coordination  number  and  (Jj  is  the  mean  square 
relative  displacement  resulting  from  thermal  vibration  and  static  disorder. 


Results  and  Discussion 


MohA/nrk  nf  KoQ4SiQ,  olass  and  melts  from  high  temperature  Raman 


measurement 


Raman  spectrum  of  K^O  ^SiO^  glass  at  room  temperature  shows  in  Fig.  2.  The  bands 
appearing  in  the  Raman  spectrum  can  be  grouped  conveniently  into  two  frequency  regions,^ 
500~800cm'^  and  800~1200cm‘^.  As  summarized  in  Table  1  (6-14),  the  800~1200cw 
frequency  region  of  the  measured  Raman  spectrum  is  attributed  to  the  Si-0  stretching 
modes  of  three  SiO,  units  with  0~2  NBO/Si;  that  is,  SiO/  three-dimensional  network 

(NBO/Si=0),  SLOc^' sheet  (NBO/Si=l)  and  SiOj' chain  (NBO/Si=2). 

Fig.  2  shows  the  Raman  spectra  from  the  K20  4Si02  glasses  to  the  corresponding 
melts  As  temperature  increases  there  is  a  systeihatically  intensity  decrease  in  the  pe^ 
shoulder  around  1150cm  ^  It  can  be  also  seen  in  this  figure  that  the  weak  b^d  in  the 
940~970cm'^  range  is  increasing  above  the  glass  transition  temperature  (7yr,„=2/3  (18), 
T  s789K).  There  are  no  literature  data  available  for  comparisons  for  the  range  from  room 
temperature  through  the  glass  transition  up  to  the  melting  temperature. 

The  bulk  NBO/Si  can  be  easily  calculated  from  the  expression  (13,  14,  19  20) 


3 

j;Xini  =  NBO/Si, 

i=l 


[3] 


where  X-  is  the  mole  fraction  of  SiO^  units,  with  n,  non-bridging  oxygen  per  silicon.  The 
fraction  X/  is  related  to  the  corresponding  relative  Raman  intensity.  A/,  by 


X,.=a,.A, 


[4] 


where  at  is  the  normalized  Raman  cross-section  of  Si04  units,  and  A,  in  equation  p] 
corresponds  to  the  ratio  of  the  area  of  Gaussian  peak  i  to  the  total  area,  that  is,  the  relative 
intensity.  The  factors  were  determined  1.02,  1.02,  1.15  and  0.90  for  SfOj  sheet, 
SiO,^'  chain,  Si207*'  dimmer  and  SiO^'*'  monomer  in  the  LijO-SiO,  glasses  (13).  This  result 
demonstrates  that  the  scattering  efficiencies  of  the  four  Si04  units  with  1,  2,  3  and  4 
NBO/Si  are  almost  equivalent  in  alkali-silicate  glasses. 
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Fig.  3  shows  the  temperature  dependence  of  the  proportions  of  Si04  units  with  0~2 
NBO/Si  and  the  fractions  of  bridging  oxygen  (O”)  and  non-bridging  oxygen  (O )  in  the 
K20-4Si02  from  the  glasses  to  the  corresponding  melts.  As  shown  in  this  figure,  the 
obtained  Raman  result  indicates  that  the  proportion  behavior  of  Si04  units  in  the  K20'4Si02 
from  glasses  to  the  corresponding  melts  demonstrates  no  clear  change  for  range  from  room 
temperature  through  the  T  up  to  the  and  the  proportion  gradually  changes  from  above 
the  Tg.  It  may  be  attributed  to  the  depolymerization  between  SiO^  units  by  rupturing  Si-O-Si 
bonds  in  network  with  increasing  temperature  that  the  concentration  of  SijOj"'  sheet 
gradually  increases,  whereas  the  concentration  of  SiOj”  three-dimensional  network 
decreases.  The  peak  positions  of  the  Si03^'  chain,  Si205''  sheet  and  SiO/  three-dimensional 
network  species  are  only  weakly  temperature  dependent  as  Fig.  4.  This  temperature  effect 
may  be  as  follows.  Shiraishi  (22)  explained  breakage  of  Si-0  bridging  bond  with  an 
increase  of  temperature  from  viscosity  behavior  of  silicate  melts.  The  KjO  ^SiO,  glass 
and  melt  consist  of  major  SijOj^'  sheet  and  Si02”  three-dimensional  network,  and"  small 
amounts  of  SiOj^’  chain  units.  The  variation  of  Si04  units  from  the  K^O  ^SiOj  glass  to  the 
corresponding  melt  suggests  that  these  SiO^  species  should  arise  from  the  following 
reaction; 


312052-  (NBO/Si=l)  SiO  2°  (0)  +  2SiO  (2) 

[5] 

By  using  the  proportion  of  the  SiQ,  units  present  in  the  K20-4Si02  glass  and  melt,  the 
average  coordination  numbers  can  be  calculated  for  the  nearest-neighbor  atomic  pairs  Si-Si, 
0-Si  and  0-0;  i.e.  ^o/si  were  determined.  These  coordination  numbers  can 

be  estimated  using  the  following  method. 

(Method)  Table  2  shows  the  average  coordination  numbers  of  the  nearest-neighbor 
correlations  Si-Si,  0-Si  and  0-0  for  the  Si04  units  with  0~4  NBO/Si,  i.e. 
n^/o-  The  relationship  between  the  bulk-  and  Si04-unit’s  coordination  numbers  can  be  given 
as  follows 


N  =3  f  5  +  2  / 

SilSi  -^{NBO  /Si  =  l)  (2) 


^0,0  =5 -25  {,,+4.50  ^ 


(2) 


[6] 


where (/=1~2)  is  the  proportion  of  the  Si04  units  with  the  NBO/Si=/  as  indicated  in 
Table  2.'  Tie  results  calculated  from  this  method  indicate  in  Table  3  and  Fig.  5.  The 
estimated  values  Ns^,  /Vo/s;  ^d  drop  reasonably  with  the  increase  in  the  K^O  content 
due  to  a  depolymerization  reaction  between  Si04  units.  As  shown  in  Fig.  5,  this  tendency 
of  the  coordination  obtained  from  the  Raman  results  confirms  that  the  prediction  from 
simple  consideration  on  basis  of  composition  dependence  of  alkali  silicate  melt  structure. 
The  values  of  the  coordination  numbers  for  molten  NOjO-SiO,  obtained  from  X-ray 
diffraction  measurement  by  Waseda  et  al.  (24)  are  included  in  Fig.  6  for  comparison. 
Waseda  and  his  coworkers  systematically  carried  out  X-ray  structural  analysis  of  alkali 
alkaline  earth  silicate  melts  (24).  As  shown  in  Fig.  6,  Waseda’s  results  unfortunately 
indicate  that  the  addition  of  NajO  up  to  60mol%  has  no  effect  on  /V^j^^,  and  in  the 
molten  Na20-Si02  system  (24),  which  is  not  agreement  with  our  Raman  results.  When 
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MiO  (where  M  is  an  alkali  metal)  is  added  to  an  Si02  melt,  it  is  widely  accepted  that 
physical  properties  such  as  viscosity  drastically  change  (22),  owing  to  the  rupture  ot  three- 
dimensional  network  structure.  In  the  MRN  model  (2),  the  addition  of  one  network 
modifier  unit,  MLO,  cause  on  bridging  oxygen  (BO)  between  two  connected  S1O4  tetrahedra 
to  be  replaced  by  two  non-bridging  oxygen  (NBO)  atoms.  The  negative  charge  on  he 
singly  charged  NBO’s  is  balanced  by  the  positively  charged  M  10ns.  Therefore,  the 
authors  consider  that  there  is  room  for  the  X-ray  results  reported  by  Wasedaet  al.  (24)  to 
be  remeasured. 

I  nnai  striioture  of  KoO-SiO?  glasses  from  soft  XAFSmeasuremenl 

Fig.  6  shows  XANES  spectra  on  K  AT-edge  of  the  K^O-SiO,  system  and 
0  2(Al,O0  0  8(K,0-4Si02)  glasses  with  those  of  the  reference  sample,  nephehne  ^d 
K,CO;  crystals.  X-XANES  obtained  in  this  study  are  of  good  enough  quality  for 
comparisons  to  be  useful  in  detecting  structural  differences  in  K  environments. 
Unfortunately,  most  of  these  spectra  are  probably  due  to  multiple  scattenng  about  K  ions 
and  not  well  understood.  Therefore,  XANES  spectra  can  only  be  used  as  fingerprints  tor 
various  known  potassium  coordination  in  the  crystalline  samples  and  can  be  compared  with 
those  of  the  glasses.  As  shown  in  Fig.  6,  the  obtained  XANES  spectra  of  these  glasses 

are  similar  with  each  other.  ,  t 

EXAFS  spectra  of  these  potassium  silicate  glasses  and  crystalline  compounds  ^e  ot 
poor  quality  which  is  because  of  small  back  scattering  amplitude  and  large  disorder  tactor 
of  oxygen.  Normalized  K  EXAFS  k^ik)  of  K2p-4Si02  glass  is  shown  in  Fig.  7.  EXAFS 
osciUation  out  to  a  maximum  k  of  only  can  be  used  in  the  data  analysis,  while  the 

usable  EXAFS  spectra  start  as  2.5^  ’  For  such  a  narrow  range  in  /:-space  only  two 
clearly  defined  oscillations,  and  at  times  noisy  third  oscillation,  can  be  included  in  our 
analysis  Analysis  of  such  a  narrow  ^-space  range  results  in  uncertainties  m  amplitude 
information  retrieved  from  the  EXAFS.  This  uncertainly  influences  the  believability  ot 
coordination  number  and  Debye- Waller  factor  values  generated  from  non-hnear  least- 
squares  fitting  of  ex(k)  data.  The  structure  parameters,  coordination  number  N  (atoms), 
bond  distance  R  (i)  and  Debye- Waller  factor  (A"),  of  the  nearest  neighbor  pair  K-O  in 

K,0-SiOT  glasses  as  obtained  from  the  least-squares  fitting  procedure  are  summarized  in 
Table  4.  Here,  the  N  values  obtained  are  normalized  with  that  of  reference  sample, 
nepheline.  As  shown  in  Table  1,  we  have  obtained  double  shell  model  (two  kinds  of 
nearest  neighbor  distance  between  potassium  and  oxygen  ions)  in  K20-4Si02  glass,  while 
in  other  two  K,0-SiOj  glasses  we  have  obtained  single  shell  model,  the  bond  distances  of 
them  being  3. 0~3 . 07A .  The  obtained  K-0  distances  are  not  inconsistent  with  the  sum  ot 
and  Cf  ionic  radii  and  with  the  bond  distance  value  reported  from  the  X-ray  mffraction 
(27,  28).  The  results  lead  us  to  the  disruption  of  network  structure  of  Si04  tetrahedra  and 
the  formation  of  chain-like  structure  or  nonbridging  oxygen  ions  of  Si04  tetrahedra  as 
follows. 


!  K+  I 

- Si - O-  O - Si - ^ 

I  I 

Fig  8  shows  the  XANES  spectra  on  Si  /C-edge  of  three  kinds  of  silicate  glasses  with  those 
of  reference  samples.  The  calculations  of  Si  X-XANES  for  various  siUcon  clusters  h^ave 
been  reported  (31,  32).  The  XANES  spectra  of  crystalline  nepheline  and  these  three 
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silicate  glasses  in  Fig.  8  exhibit  quite  similar  feature  with  that  of  small  Si04  cluster  given  by 
Fouil  et.  al.(31,32). 

The  whole  range  of  XAFS  spectra  on  Si  AT-edge  are  given  in  Fig.  9.  The  structure 
parameters,  coordination  number  N  (atoms),  bond  distance  R  (A)  and  Debye-Waller  factor 
s^  (A^),  of  the  nearest  neighbor  pairs  Si-0  in  K20-Si02  glasses  as  obtained  from  the  least- 
squares  fitting  procedure  are  listed  in  Table  5.  Here  average  coordination  numbers  around 
Si  atoms  are  fbced  to  the  value  of  4  in  common  during  the  curve  fitting  procedures  because 
Si04  tetrahedra  is  the  structural  unit  in  the  glass  samples.  The  obtained  bond  distances  are 
quite  reasonable  as  compared  with  crystallographic  data. 

CONCLUSION 

Raman  spectra  of  KjO-dSiOj  glass  and  melt  at  different  temperatures  were  measured 
by  using  high  temperature  Raman  spectroscopy.  Raman  spectra  observed  in  the 
frequency  region  from  800  to  1200cm"' consist  of  four  Raman  bands  near  960-9 80cm 
1020-1060  cm"',  1090-1 1  lOcm"'  and  1 140-1 160cm''.  These  bands  are  attributed  to  the 
Si-O  stretching  vibrations  for  SiO^"'  chain,  sheet  and  SiO,®  three-dimensional 

network  units  with  two,  one  and  zero  non-bridging  oxygen  per  silicon  atom,  respectively, 
and  can  be  approximated  by  Gaussian  curves.  As  a  result,  above  the  glass  transition 
temperature  Tg  the  Si02"  species  are  gradually  destroyed  and  the  highly  charged  Si^Oj^' 
sheet  created  with  increasing  temperature.  The  Raman  results  suggest  that  the  reaction  (5) 
is  shifted  to  the  left  with  increasing  temperature.  It  is  believed  that  the  depoly meri^tion 
of  Si04  units  with  increasing  temperature  corresponds  to  the  observed  viscosity  behavior  of 
silicate  melts.  However,  there  is  only  slight  difference  between  the  Raman  spectra  of 
K^O  ^SiOj  glass  and  melt,  so  that  the  glass  structure  is  roughly  similar  to  the 
corresponding  melt  as  a  zeroth-order  approximation.  The  coordination  numbers  of  the 
nearest  neighbor  correlations  Si-Si,  OSi  and  0-0  pairs  in  KjO  ^SiO,  glass  and  melt  are 
estimated  from  the  fractions  of  the  three  Si04  species,  and  found  to  be  in  good  agreement 
with  the  values  in  K20.4Si02  crystal. 

Using  the  laboratory  XAFS  facility,  we  have  performed  to  determine  the  local 
structure  in  potassium  silicate  glasses  (K20-4Si02,  K20'3Si02,  K20-2Si02  and 
0.2(Al203)  0.8(K20-4Si02))  respectively  in  order  to  elucidate  the  environment  of 
modifying  potassium  ion  which  is  extremely  sensitive  to  the  morphology  of  the  network 
structure  of  glass  system.  The  coordination  numbers  of  oxygen  around  ion  in 
KjO  ^SiOj  and  K20-3Si02  glasses  are  found  to  be  4-5  which  is  small  compared  with  those 
of  K20'4Si02  glass  and  crystalline  nepheline  -9.  The  result  indicates  that  the  introduction 
of  KJO  leads  to  the  disruption  of  Si04  network  structure  and  the  formation  of  Si03“'  chain 
like  structure  or  nonbridging  oxygen  ions  as  increasing  quantity  of  KjO.  The  local 
structure  around  silicon  ions  in  some  potassium  sUicate  glasses  are  also  compared  with 
those  of  crystalline  Si02  such  as  quartz  and  cristobalite. 
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Table  1  Raman  frequencies  of  the  Si-0  stretching  modes  due  to  Si04  units  with  0~4 
NBO/Si  in  alkali  and  alkaline  earth  silicate  glasses  (6-14). _ 


NBO/Si  Frequency 

SiO^unit  Bonding  state  of  bound  oxygen  number  (cnr') 


-0 


SiO,2' chain  — O — Si— O —  2  950-970 

’  I 

-O 

-O 

I 

Si^O,*^' dimer  -O — Si — O —  3  900—930 

I 

-O 

-o 

I 

SiO^'*’ monomer  'O — Si — O- ,  4  850—890 

-O 
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Table  2  Coordination  numbers  of  nearest  neighbor  correlation  Si-Si,  0-Si  and  0-0 
for  SiO^  units  with  0~-'2  NBO/Si. 


Si04  unit 

Bonding  state  of  bound 
oxygen 

NBO/Si 

number 

Cnordination  number 

^Si/Si  ^0/Si  ^0/0 

Si02°  three- 

dimensional 

network 

1 

0 

—  O  — w  —  O 

1 

o 

0 

4.00  2.00  6.00 

Si205^'  sheet  j 

•0 

J 

s. 

0 

1 

3.00  1.75  5.25 

SiOj^'  chain 

-0 

—  0 —  Si — 0 — 

-0 

2 

2.00  1.50  4.50 
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Table  3  Coordination  numbers  of  the  nearest  neighbor  Si-Si,  0-Si  and  0-0  pairs  in 
M20-4Si02  {M=Na,  K  and  Rb)  glass,  melt  and  crystal. _ 


Sample 

Temperature 

(K) 

Coordination 
NSi/Si  NO/Si 

NO/0 

Method 

Ref. 

Na204Si02 

r.  temp.  (G) 
1723  (M) 

4.2 

3.9 

■ 

6.1 

5.5 

MD 

X.D. 

Soules  (23) 
Waseda  (24) 

r.  temp.  (G) 

WM 

5.73 

743  (G) 

ffl 

5.58 

KjO  4Si02 

793  (G) 

3.41 

1.85 

5.56 

R.S. 

This  work 

993  (G) 

3.30 

1.83 

5.48 

1143(M) 

3.43 

1.87 

5.60 

1273  (M) 

3.41 

1.87 

5.61 

K204Si02 

r.  temp.  (C) 
1383  (M) 

X.D. 

X.D. 

Scweinsberg  (25) 
Waseda  (24) 

r.  temp.  (G) 

3.38 

1.85 

5.54 

603  (G) 

3.40 

1.85 

5.55 

Rb20  4Si02 

783  (G) 

3.37 

1.84 

5.53 

R.S. 

Umesaki  (26) 

1023  (G) 

3.30 

1.82 

5.47 

1143  (G) 

3.35 

1.84 

5.51 

1303  (M) 

3.23 

1.81 

5.42 

C:  Crystal;  G:  Glass;  Mt  Melt 

R.S.:  Raman  Spectroscopy;  X.D.:  X-ray  Diffraction;  MD;  Molecular  Dynamics 
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Table  4  The  structural  parameters  obtained  by  curve-fitting  analysis.  The  obtained 

coordination  number  N  {atoms),  bond  distance  R  {A)  and  Debye-Waller  factor 
{A^)  of  the  nearest  neighbor  K-0  in  K20-Si02  glasses  are  listed. 


_ KzQ _  1 

Sample 

N 

R 

0^ 

{atoms) 

(A) 

(A^) 

(EXAFS) 

0.013 

5n 

2.72 

K204Si02  glass 

0.014 

4^ 

3.00 

KjO  SSiOj  glass 

4-5 

3.00 

0.014 

4-5 

3.10 

0.020 

K2O  2Si02  glass 

(ND) 

0.261K200.739Si02  glass  (29) 

3.85 

2.67^> 

0.0113*^ 

(ND) 

0. 172U2O  0. 147K2O  0.73SiO2 

3.40 

2.61^> 

0.012^^ 

glass  (29) 

K2O  0.2SiO2  glass  (27) 

2.65*^ 

0.014^^ 

(XRD) 

6.9“^ 

2.65*^ 

0.016^^ 

(ND) 

(XRD) 

7 

2.750- 

■3.342 

K20  Si02  glass  (28) 

(XRD) 

2.677- 

•3.171  . 

K4SigO,g  crystal  (30) 

6 

(EXAFS) 

6 

2.687- 

■3.152 

Nepheline  KNa3(AlSi04)4 

(XRD) 

9 
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XRD:  X-ray  Diffraction;  ND:  Neutron  Diffraction 
a)  These  values  are  estimated  from  the  assumption  that  the  coordination 
number  of  0-0  pair  is  the  constant  value  of  5.6  in  pure  Si02. 


b)  These  values  represent  the  sum  of  the  nearest  neighbor  0-0  and  K-0 
pairs  due  to  the  combined  0-0  and  K-0  peaks  in  the  obtained  radial 
distribution  function  r.d.f.). 
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Ionic  Fractions  No  and  No'  Fraction  of  Si04  Tetrahedra 


Fig.  3  Temperature  dependence  of  the  fractions  of  (a)  SiO^  units 
with  0,  i  and  2  NBO/Si,  and  (b)  0°  and  O'  in  K,0-4Si0, 
glass  and  melt.  Included  in  this  figure  for  comparison  are 
the  data  for  M^O-dSiO,  (M=Na  and  K)  glasses  obtained 
by  XPS  measurement  (21). 
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Fig.  9  EXAFS  spectra  of  Si  /sT-edge  in  Kp-SiO,  glasses  and 
reference  samples. 
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Fig.  4  Temperature  dependence  of  the  four  Gaussian  band 
positions  of  KjO  ^SiO,  glass  and  melt. 
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Fig.  5  Composition  dependence  of  the  coordination  numbers 

(dotted  line)  of  the  nearest  neighbor  correlations  Si-Si,  O 
Si  and  aO  in  molten  M,0-4Si0,  (M=Na  and  K)  and 
L,0-2Si0,  at  1403/f  (5)  obtained  from  the  Raman  spectra. 
The  solid  lines  represent  the  coordination  number 
estimated  from  the  composition  dependence  on  silicate 
units.  Included  in  this  figure  for  comparison  are  the  data 
for  molten  system  Na^O-SiO,  obtained  by  X-ray 
diffraction  (26). 
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Fig.  8  XANES  spectra  of  Si  X-edge  in  K^O-SiO,  glasses  and 
reference  crystals.  Here,  Eg  indicates  the  primary 
inflection  point  in  the  edge. 
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